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FINAL PROJECT REPORT SUMMARY
A hybrid panel made of Fiber –Reinforced Polymer (FRP) and glued laminated
wood (glulam) is proposed as a new bridge deck system. The FRP-glulam system is
based on the concept of optimizing a bridge deck panel with FRP composite skins and a
glulam core. Like conventional glulam decks, FRP-glulam panels can be used either as a
longitudinal deck or as a transverse deck with respect to the bridge span direction.
In order to demonstrate FRP-glulam deck system in field applications, several
challenging issues need to be addressed, as follows: (1) How to achieve an effective FRPwood composite section during the life term? (2) How to develop a fabrication method to
be implemented by industry? (3) What is the difference in structural response between
conventional glulam panels and FRP-glulam panels? (4) How to design this innovative
deck system? (5) Is this new deck system economical compared to other existing deck
systems, such as all-FRP decks and glulam decks?
To address the key issues identified, material, durability, and structural
experiments were conducted. In addition, finite element analysis was performed and
correlated to the experimental structural response. A design procedure for noninterconnected transverse FRP-glulam deck system was proposed based on LRFD bridge
specifications and the current design method for glulam bridge decks. A fabrication
method was developed in the laboratory and implemented by industry. Finally, a
comparative cost analysis was presented.
The conclusions of the experimental and analytical study are: (1) Exposure to
Chromated Copper Arsenate (CCA) preservative reduced the longitudinal tensile strength
of unidirectional composite laminates; (2) A strong and durable FRP / CCA treated wood

interface was achieved by appropriate surface preparation and application of Hydroxy
Methylated Resorcinol (HMR) coupling agent on the wood surface; (3) Vacuum bagging
was proven to be a practical, repeatable and cost-efficient method to laminate the FRP
composite skin on glulam panels; (4) Reinforcing glulam panels with 1.4% by volume of
FRP skin on each side, increased the bending stiffness by approximately 22.9%. Besides,
FRP-glulam panels behaved more ductile than glulam panels. In addition, the failure load
of FRP-glulam panels was approximately 35.7% higher than the corresponding one of
glulam panels; (5) The cost of an FRP-glulam decks is approximately 80% of the cost of
an all FRP composite deck. (6) FRP composite skins are expected to extend the life of
glulam panels by providing environmental protection. (7) The polymer concrete overlay
provides not only a wearing surface during construction, but also interfaces with the hot
mix asphalt pavement.
The FRP-glulam panel was proven to be an attractive choice for bridge deck
system with fast installation, lightweight, and ease of connection with other bridge
components. The FRP-glulam panel system was demonstrated at Union-Washington
Skidmore Bridge deck, which was constructed in October of 2001.

ACKNOWLEDGEMENTS

The research was funded by the Maine Department of Transportation and the
Federal Highway Administration through the Innovative Bridge Research and
Construction Program, Project No. ME-98-07, MDOT Agreement 00-9.

ii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS................................................................................................ ii
LIST OF TABLES............................................................................................................ xii
LIST OF FIGURES ......................................................................................................... xvi

Chapter
1.

INTRODUCTION ........................................................................................................1
Research Background ..............................................................................................3
Research Objectives.................................................................................................4
Outline of Thesis......................................................................................................5
List of References ....................................................................................................8

2.

LITERATURE REVIEW ...........................................................................................12
Introduction............................................................................................................12
Types of Timber Bridge Deck Systems .................................................................12
Longitudinal Glulam Deck Superstructure ................................................12
Transverse Glulam Deck Superstructure ...................................................14
Former Research Work on Glulam Panel ..............................................................16
Research at USDA Forest Products Laboratory ........................................16
Research at Pennsylvania State University................................................18
Research at the University of Maine..........................................................19
Review of Wood Preservatives in Timber Bridges................................................20
Review of Existing Research Works on FRP-Glulam Structures..........................22

iii

Review of Relevant FRP Composites Manufacturing Processes ..........................23
Review of Glulam Deck Design Guidelines and Specifications ...........................25
Design Loads .............................................................................................25
Glulam Properties ......................................................................................26
Tire Contacting Area..................................................................................27
Moment and Shear Design.........................................................................27
Serviceability .............................................................................................28
List of References ..................................................................................................28
3.

PRELIMINARY STRUCTURAL CHARACTERIZATION OF HYBRID FRPEASTERN HEMLOCK GLULAM PANELS ...........................................................31
Summary ................................................................................................................31
Introduction............................................................................................................32
Hybrid FRP-Glulam Deck System.........................................................................34
Materials and Fabrication Process .........................................................................36
Panel Prototypes Dimensions and Properties ........................................................38
Experimental Procedure.........................................................................................41
Experimental Results .............................................................................................44
Progressive Failure Mechanisms ...........................................................................47
Beam Linear Model: Laminate Analysis ...............................................................50
Beam Non-Linear Model: Moment-Curvature Numerical Analysis .....................54
Conclusions............................................................................................................59
References..............................................................................................................60
Notation..................................................................................................................66

iv

4.

EFFECT OF CCA PRESERVATIVE TREATMENT ON PROPERTIES OF
FRP COMPOSITES FOR GLULAM REINFORCEMENT......................................68
Summary ................................................................................................................68
Introduction............................................................................................................69
Materials and Fabrication Process .........................................................................69
FRP Composite Material............................................................................69
FRP Composite Specimen Fabrication by Vacuum Bagging ....................71
CCA Preservative Treatment of FRP Composite Materials ......................72
FRP-Glulam Wood Specimen Fabrication for Cycle Delamination
Test ............................................................................................................74
FRP-Wood Specimen Fabrication for Shear by Compression
Loading Test ..........................................................................................................77
Experimental Characterization of CCA Treated FRP Composite Material...........78
Unidirectional and Transverse Tension .....................................................79
Unidirectional Compression ......................................................................82
In-Plane Shear Modulus by [±45º] Tension  85
Interlaminar Shear Strength .......................................................................86
Weight Fraction .........................................................................................87
Discussion of CCA Treatment Effects on Mechanical Properties.............88
Modeling of FRP Composite Lamina ....................................................................92
Correlation between Experimental and Analytical Results .......................94
Adhesive Bond Integrity under Simulated Exterior Exposure
(Cyclic Delamination)............................................................................................95

v

Experimental Procedure.............................................................................96
Experimental Results .................................................................................96
Discussion of Experimental Results ..........................................................98
Resistance to Shear by Compression Loading.......................................................98
Experimental Procedure and Results .........................................................99
Statistical Analysis and Discussion of Experimental Results..................101
Conclusions..........................................................................................................102
List of References ................................................................................................103
Notation................................................................................................................105
5.

STRUCTURAL CHARACTERIZATION...............................................................107
Summary ..............................................................................................................107
Materials and Fabrication Process .......................................................................107
Experimental Plan................................................................................................111
Load Elastic Response of Simply Supported Panel with a Transverse Strip
Load – Test Series A............................................................................................113
Experimental Setup..................................................................................113
Experimental Procedure...........................................................................114
Experimental Results ...............................................................................115
Load Response of Two-Span Continuous Panel with a Centered Patch
Load – Test Series B ............................................................................................118
Experimental Setup..................................................................................118
Experimental Results ...............................................................................120
Load Response of Two-Span Continuous Panel with an Edge Patch Load –

vi

Test Series C ........................................................................................................126
Experimental Setup..................................................................................126
Experimental Procedure...........................................................................127
Experimental Results ...............................................................................127
Load Response of Simply Supported Panel with a Patch Load –
Test Series D ........................................................................................................130
Experimental Setup..................................................................................131
Experimental Procedure...........................................................................132
Experimental Results ...............................................................................132
Failure Response of Simply Supported Panel – Test Series E.............................136
Experimental Setup..................................................................................136
Experimental Results ...............................................................................137
Computation of Bending Stiffness (EI) ...............................................................142
Discussion on Equivalent Strip Width.................................................................146
Panel-to-Panel Joint Evaluation – Test Series F ......................................149
Panel-to-Panel Joint Configuration..........................................................149
Experimental Setup..................................................................................150
Experimental Procedure...........................................................................151
Experimental Results ...............................................................................152
Conclusions..........................................................................................................152
List of References ................................................................................................153
Notation................................................................................................................154
6.

FINITE ELEMENT ANALYSIS OF STRUCTURAL PANELS............................156

vii

Summary ..............................................................................................................156
Element Type .......................................................................................................156
Material Properties...............................................................................................157
Glulam......................................................................................................157
FRP Composite ........................................................................................158
Boundary Conditions ...........................................................................................158
Panel Meshing and Convergence Study ..............................................................160
Correlation between Numerical and Experimental Results .................................162
Conclusions..........................................................................................................165
List of References ................................................................................................165
7.

FRP-GLULAM BRIDGE DECK DESIGN .............................................................166
Objectives ............................................................................................................166
Design Procedure .................................................................................................166
Step 1. Define Material Properties...........................................................166
Glulam Panel................................................................................167
FRP Reinforcement......................................................................167
Step 2. Define Deck Dimensions and Design Loads ...............................167
Deck Dimensions .........................................................................167
Design Loads ...............................................................................168
Dead Loads ......................................................................168
Live Loads .......................................................................168
Importance Factors...........................................................169
Resistance Factors............................................................169

viii

Step 3. Define the Effective Deck Span and Equivalent Strip Width......169
Effective Deck Span ....................................................................169
Effective Strip Width ...................................................................169
Step 4. Calculate the Bending Moment and Shear Force ........................170
Bending Moment .........................................................................170
Shear Force ..................................................................................171
Step 5. Check Live Load Deflection........................................................171
Step 6. Check Overhang Negative Moment and Shear............................172
Design of Skidmore Bridge FRP-Glulam Deck...................................................173
Deck-to-girder Connection Design ......................................................................175
Conclusions..........................................................................................................175
List of References ................................................................................................176
Notation................................................................................................................177
8.

FRP-GLULAM BRIDGE DECK FABRICATION .................................................178
Introduction..........................................................................................................178
Glulam Specifications..........................................................................................178
Material Specifications ............................................................................178
Specifications for Preservative Treatment ...............................................179
Glulam Fabrication ..............................................................................................179
FRP-Glulam Fabrication......................................................................................180
Surface Preparation..................................................................................180
FRP Lamination .......................................................................................181
Polymer Concrete Application.................................................................182

ix

Economical Feasibility of FRP-Glulam Bridge Deck .........................................186
Conclusions..........................................................................................................187
List of References ................................................................................................187
9.

CONCLUSIONS AND FUTURE RESEARCH RECOMMENDATIONS.............189
Introduction..........................................................................................................189
Conclusions from Preliminary Structural Characterization of Hybrid
FRP-Eastern Hemlock Glulam Panels – Chapter 3 .............................................189
Conclusions from Effect of CCA Preservative Treatment on Properties of
FRP Composites for Glulam Reinforcement – Chapter 4 ...................................190
Conclusions from Structural Characterization – Chapter 5 .................................191
Conclusions from Finite Element Analysis of Structural Panels – Chapter 6 .....192
Conclusions from FRP-Glulam Bridge Deck Design – Chapter 7 ......................192
Conclusions from FRP-Glulam Bridge Deck Fabrication – Chapter 8 ...............193
Future Research Recommendations.....................................................................194
Develop an Effective Deck-to-deck Interconnection System..................194
Evaluate the Durability of FRP-glulam Panel .........................................194
Develop a Calibrated Design Method......................................................195

REFERENCES ................................................................................................................196
Appendix A. MOMENT-CURVATURE ANALYSIS FOR UM1810
REINFORCED GLULAM PANEL...........................................................206
Appendix B. LAMINATE ANALYSIS VEW260/VINYL ESTER COMPOSITE. .….212
Appendix C. LAMINATE ANALYSIS OF CSM/VINYL ESTER COMPOSITE ........216
Appendix D. DESIGNFRP-GLULAM BRIDGE DECK, SKIDMORE BRIDGE…….219

x

LIST OF TABLES

Table 2.1

Conversion Factors for LRFD Base Resistance from NDS ASD
Tables ...........................................................................................................26

Table 3.1

Typical Material Properties of Eastern Hemlock Laminations ....................36

Table 3.2

Mechanical Properties of E-glass/Vinyl ester FRP Composite....................37

Table 3.3

Panel Specimen Dimensions and Moment of Inertia ...................................38

Table 3.4

Bending Modulus of Eastern Hemlock Glulam Panel .................................41

Table 3.5

Experimental Ultimate Load and Deflections for Two-Span
Continuous Panels ........................................................................................44

Table 3.6

Correlation Between Beam Linear Analysis and Experimental Results......47

Table 3.7

Correlation Between Moment-Curvature Analysis and
Experimental Results....................................................................................58

Table 4.1

Fiber and Resin Properties ...........................................................................70

Table 4.2

Material Characterization Matrix .................................................................71

Table 4.3

Weight Change with CCA Pressure Treatment............................................74

Table 4.4

Thickness of 0°-tension Test Samples .........................................................80

Table 4.5

Thickness of 90°-tension Test Samples (4 plies) .........................................80

Table 4.6

Longitudinal Tensile Tests of UNI and CSM Composite Lamina...............81

Table 4.7

Transverse Tensile Tests of UNI & CSM Composite Lamina.....................82

Table 4.8

Thickness of Unidirectional Compression Test Samples.............................83

Table 4.9

Longitudinal Compression Test of UNI Composite Lamina [0°] ................84

xi

Table 4.10

In-Plane Shear Modulus and Shear Strength................................................86

Table 4.11

Interlaminar Shear Strength .........................................................................87

Table 4.12

Weight Fractions ..........................................................................................88

Table 4.13

Changes in Properties of CCA Treated Samples .........................................89

Table 4.14

One-way ANOVA Statistical Analysis (p value).........................................91

Table 4.15

Correlation between Predicted and Experimental Weight Fractions,
Wf .................................................................................................................93

Table 4.16

Predicted Elastic Properties..........................................................................94

Table 4.17

Correlation between Experimental and Micromechanics Predictions .........95

Table 4.18

Results of ASTM D2559 Cycle Delamination Tests ...................................97

Table 4.19

Shear Strength and Wood Failure ..............................................................100

Table 4.20

Statistical Analysis of FRP Composite bonded to Southern
Yellow Pine ................................................................................................102

Table 5.1

Variation of Glulam Panel Dimensions due to RH and Temperature
Changes ......................................................................................................110

Table 5.2

Experimental Characterization Plan...........................................................112

Table 5.3

Experimental Load-Deflection Ratios for Glulam Panels Test Series A ..............................................................................................116

Table 5.4

Experimental Load-Deflection Ratios for FRP-Glulam Panels Test Series A ..............................................................................................117

Table 5.5

Summary of Load-Deflection Ratios of Simply Supported Panels –
Test Series A ..............................................................................................110

xii

Table 5.6

Load Deflection Computation (P/D) for Glulam and FRP-Glulam Panels –
Test Series B...............................................................................................122

Table 5.7

Computation of Load-Strain Ratios (P/e) for Glulam and FRP-Glulam
Panels – Test Series B ................................................................................122

Table 5.8

Maximum Deflections of Panels at Different Load Levels –
Test Series B...............................................................................................124

Table 5.9

Strain Values of Panels at Different Load Levels – Test Series B.............124

Table 5.10

Experimental Load-Deflection Ratios for Glulam Panel G1 –
Test Series C...............................................................................................129

Table 5.11

Experimental results of FRP-Glulam Panel F1 – Test Series C.................129

Table 5.12

Maximum Deflections of Panels at Different Load Levels –
Test Series C...............................................................................................129

Table 5.13

Load-Deflection and Load-Strain Ratios for Glulam Panels –
Test Series D ..............................................................................................134

Table 5.14

Load-Deflection and Load-Strain Ratios for FRP-Glulam Panels –
Test Series D ..............................................................................................134

Table 5.15

Maximum Deflections and Strains for Glulam and FRP-Glulam
Panels at an Applied Load of 325 kN – Test Series D ...............................135

Table 5.16

Linear Regression Analysis Results of Glulam and FRP-Glulam Panels –
Test Series E...............................................................................................142

Table 5.17

Bending Stiffness of Simply-Supported Panels based on Deflections – Test
Series A ......................................................................................................143

xiii

Table 5.18

Bending Stiffness of Simply Supported Panels Test Series A, D, and E ..............................................................................144

Table 5.19

Bending Stiffness of Two-Span Continuous Panels Test Series B & C.......................................................................................145

Table 5.20

Effective Width Ratios for Simply Supported Panels –
Test Series D & E.......................................................................................147

Table 5.21

Equivalent Strip Width for Two-Span Continuous Panels –
Test Series B...............................................................................................148

Table 5.22

Experimental Deflections and Strains corresponding to HS25 Design
Load -Test Series F ....................................................................................152

Table 6.1

Material Properties Used in Finite Element Analysis ................................158

Table 6.2

Numerical and Experimental Results Correlation for Two-Span
Continuous Support Panels ........................................................................162

Table 6.3

Numerical and Experimental Results Correlation for the Simply
Support Panels............................................................................................163

Table 7.1

Design Results............................................................................................174

Table 8.1

Cost Analysis of FRP-Glulam Panel..........................................................186

xiv

LIST OF FIGURES

Figure 2.1

Configuration for Longitudinal Glulam Deck..............................................13

Figure 2.2

Configurations for Transverse Glulam Deck ...............................................15

Figure 3.1

Cross-Section of Hybrid FRP-Glulam Panel Prototype...............................35

Figure 3.2

Stress-strain Response in Tension for FRP Composite and Wood
Materials.......................................................................................................39

Figure 3.3

Stress-Strain Models for Materials...............................................................40

Figure 3.4

Shear Force and Bending Moment Diagrams for Two-Span
Continuous Panel..........................................................................................42

Figure 3.5

Experimental Setup for Two-Span Continuous Bending Tests ...................43

Figure 3.6

Load-Deflection Response of FRP-Glulam Panels with Angle-ply
Reinforcement versus Control Glulam Panels .............................................45

Figure 3.7

Load-Deflection Response of FRP-Glulam Panels with
Unidirectional Reinforcement versus Control Glulam Panels .....................45

Figure 3.8

Control Glulam Panel (CO): Tension Cracks at one Midspan and
Central Support.............................................................................................48

Figure 3.9

FRP-Glulam Panel with Angle-ply Reinforcement (XM):
Compression Crushing in FRP Composite Skin and Tension Crack
in Wood Lamination.....................................................................................49

xv

Figure 3.10 Failure in FRP-Glulam Panel with Unidirectional Reinforcement
(UM).............................................................................................................50
Figure 3.11 Stress and Strain Variation in the Cross-Section with Increase in
Bending Curvature .......................................................................................51
Figure 3.12 Moment-Curvature Relationship for FRP-Glulam Panel with
Unidirectional Reinforcement (UM-1).........................................................58
Figure 4.1

Specimen for Cycle Delamination Test........................................................76

Figure 4.2

FRP-Wood Shear Block Specimen ..............................................................78

Figure 4.3

Typical Stress*thickness-strain Response of UNI 0°-tension Test ..............80

Figure 4.4

Typical Stress*thickness-Strain Response of CSM 0°-tension....................81

Figure 4.5

Unidirectional Compression Test.................................................................83

Figure 4.6

Typical Stress-Strain Response of Unidirectional Compression Test..........84

Figure 4.7

Typical Shear Stress-Strain Response of ±45°-tension Test ........................86

Figure 4.8

Effects of CCA Treatment on the Elastic Moduli of Unidirectional
Composite, UNI............................................................................................89

Figure 4.9

Effects of CCA Treatment on the Strengths of Unidirectional
Composite, UNI............................................................................................90

Figure 4.10 Effects of CCA Treatment on the Material Properties of CSM ...................90
Figure 4.11 Resistance to Shear by Compression Loading ...........................................100
Figure 5.1

Panel Dimensions .......................................................................................108

Figure 5.2

Ambient Temperature Variation ................................................................109

Figure 5.3

Ambient Relative Humidity Variation .......................................................109

Figure 5.4

Experimental Setup – Test Series A...........................................................114

xvi

Figure 5.5

Typical Load vs. Deflection Curves for Glulam Panels –
Test Series A ..............................................................................................115

Figure 5.6

Typical Load vs. Deflection Curves for FRP-Glulam Panels –
Test Series A ..............................................................................................116

Figure 5.7

Experimental Setup of Two-Span Continuous Panel –
Test Series B...............................................................................................120

Figure 5.8

Load-Maximum Deflection Curves for Glulam Panel G1 Test Series B...............................................................................................121

Figure 5.9

Load-Maximum Deflection Curves for FRP-Glulam Panel F1 Test Series B...............................................................................................121

Figure 5.10 Load-Strain Relationships for Glulam Panel G1 - Test Series B ...............123
Figure 5.11 Load-Strain Relationships for FRP-glulam Panel F1 – Test Series B .......123
Figure 5.12 Deflections of Panels G1 and F1 across the Width at the Midspan
Section – Test Series B...............................................................................125
Figure 5.13 Experimental Setup of Two-Span Continuous Panel with Edge Patch
Load – Test Series C ..................................................................................126
Figure 5.14 Typical Load-Maximum Deflection Relationships for Glulam
Panels – Test Series C ................................................................................128
Figure 5.15 Typical Load-Maximum Deflection Relationships for FRP-Glulam
Panels – Test Series C ................................................................................128
Figure 5.16 Deflections of Panels G1 and F1 across the Width at the Midspan
Section – Test Series C...............................................................................130
Figure 5.17 Experimental Setup – Test Series D...........................................................131

xvii

Figure 5.18 Typical Load-Maximum Strain Relationships of Panels in
Test Series D ..............................................................................................132
Figure 5.19 Typical Load-Maximum Deflection Relationships of Panels in
Test Series D ..............................................................................................133
Figure 5.20 Average Deflections of Panels across the Width at the Midspan
Section – Test Series D ..............................................................................135
Figure 5.21 Experimental Setup – Test Series E ...........................................................137
Figure 5.22 Load-Maximum Deflection Curves for Panels – Test Series E .................138
Figure 5.23 Load-Strain Curves for Glulam and FRP-Glulam Panels –
Test Series E...............................................................................................138
Figure 5.24 Failure Mechanism of Glulam Panel G3 – Test Series E...........................140
Figure 5.25 Failure Mechanism of FRP-Glulam Panel F3 – Test Series E ...................141
Figure 5.26 Panel-to-Panel Joint Configuration ............................................................150
Figure 5.27 Experimental Setup for Test Series F.........................................................151
Figure 5.28 Locations of LVDTs and SG in Test Series F............................................151
Figure 6.1

Element Type .............................................................................................157

Figure 6.2

Boundary Conditions of Loaded Panels.....................................................159

Figure 6.3

Mesh Convergence for Panels in Two-span Continuous Test with
Center Load ................................................................................................160

Figure 6.4

Mesh Convergence for Panels in Two-span Continuous Test with
Edge Load...................................................................................................161

Figure 6.5

Mesh Convergence for Panels in Simply Supported Test..........................161

Figure 6.6

Midspan Section Deflection Curves Correlation in Test Series B .............163

xviii

Figure 6.7

Midspan Section Deflection Curves Correlation in Test Series C .............164

Figure 6.8

Midspan Section Deflection Curves Correlation in Test Series E .............164

Figure 7.1

Transverse Section of Superstructure in Skidmore Bridge ........................173

Figure 7.2

Check of Bridge Overhang.........................................................................174

Figure 7.3

Detail of Deck-to-Girder Connection.........................................................175

Figure 8.1

Vacuum Bagging Configuration used in Industrial Fabrication ................182

Figure 8.2

FRP Lamination Procedure ........................................................................183

Figure 8.3

Vacuum Bagging........................................................................................184

Figure 8.4

Polymer Concrete Application ...................................................................185

xix

Chapter 1
INTRODUCTION

Wood has proven to be a material suitable for transportation structures, as
evidenced by the number of timber bridges in the country. Although, historically, wood
was the primary material for bridges, it was slowly replaced by steel and concrete in the
late 19th and 20th centuries. However, timber bridges continued to be built on secondary
and low-volume roads. Based on the National Bridge Inventory (NBI) kept by the Federal
Highway Administration (FHWA), there are about 582,750 bridges, of which 38,298 are
timber bridges and 39,503 are steel bridges with timber decks. (Duwadi 2000)

From the early 1900’s to the mid 1960’s, thousands of highway bridges were built
in the U.S. using a longitudinal wood stringer and transverse nail-laminated sawn lumber
deck system. In the late 1960’s, extensive research was undertaken to develop more
efficient wood bridge systems which would result in lower material and labor costs and
which would minimize the maintenance requirements often associated with the older
wood bridges. (Williamson 1996)

The expanded use of glued laminated timber (glulam) in timber bridge
construction in U.S. was regarded as one of the first significant breakthroughs (Duwadi
2000). Since the introduction of the wet-use adhesives, glulam technology was expanded
to highway and railway bridges and other exterior structures after being used in building
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structures for two decades. Compared to sawn lumber, glulam has several advantages for
bridge construction. Because it is a manufactured product, glulam can be produced in a
wide range of shapes and sizes to fit use requirements. Another advantage of glulam is
that the laminating process randomly disperses the strength-reducing characteristics of
the lumber laminations throughout the member. (Williamson 1996)

As one of the glulam technologies, glulam deck was developed by the USDA
Forest Products Laboratory, bridge engineers and glulam industry in 1960’s. The concept
was to use vertically laminated glulam member spanning transversely across the
longitudinal bridge girders.

To make the structure lighter and achieve longer span at the same time, many
methods are being evaluated by engineers. Fiber-reinforced polymer (FRP) glulam deck
is one of these technologies. FRP composite, because of its high stiffness and strength,
has been widely used in airplane and transportation industries. In recent years, FRP
composites have been increasingly used in FRP composite bridge decks (Lopez-Anido
1998), (Lopez-Anido 2000). Fiber-reinforced composites have also offered new
opportunities to repair or strengthen existing wood structures in buildings and bridges
(Plevris 1992) (Gardner 1995). However, the use of FRP composites for wood
reinforcement is limited due to the relatively higher cost of materials and fabrication
process. There are various systems for FRP reinforcement of wood structural members
that have been developed. These systems include: a) FRP wrapping of wood members
with E-glass and carbon fabric reinforcement using the wet layup method (GangaRao
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1997; Sonti 1995); b) FRP adhesive bonding of E-glass pultruded plates to glulam beams
(Dagher 1996; Dagher 1998; Davalos 1992a; Tingley 1997); and c) FRP tendons for
prestressing of laminated wood decks (Dagher 1997). Examples of FRP-wood structural
applications in civil infrastructure are: a) Reinforced glulam beams for bridges (Dagher
1999; Davalos 1994; Davalos 1992b); b) Reinforced railroad ties (Davalos 1999; Sonti
1996); and c) FRP-glulam beams integrated with a concrete slab (Brody 2000; Weaver
2001). Recent developments in the use of FRP composite show that this high-strength
material has the possibility of being bonded to the wood laminations under factory
conditions. (Williamson 1996)

Although there is an extensive literature on both glulam decks, as well as FRPglulam beams, the concept of FRP-glulam panes is a new one. A marine pier deck system
where E-glass/PRF woven fabric reinforcement was used to partially reinforce the bottom
tension side of glulam panels was constructed in Milbridge, Maine (Bragdon 2001).

Research Background
Approximately 85,609 of the 175,885 deficient bridges in the NBI are short- to
medium-span structures (less than 18.29m). All three materials, timber, steel, and
concrete can be considered as alternative materials for replacement of those structures.
Timber bridges are ideally suited in the short- to medium-span bridge range. (Duwadi
2000)
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Skidmore Bridge, which is located between Washington and Union, two small
towns in Maine, is an aged bridge with more than 50 years in service. This bridge is 24
feet wide and 60 feet long. The communities in these two towns want to replace the old
bridge with a new one. Engineers from Maine Department of Transportation and
researchers at the Advanced Engineered Wood Composites Center (AEWC), University
of Maine, proposed using the FRP-glulam decks with conventional steel girders as a
superstructure for the bridge. Why FRP-glulam deck was selected? Steve Abbott, a
bridge engineer at MDOT, gives a good explanation on this in (Maine Science &
Technology Foundation 2001). His explanation was summarized as follows:
•

This type of bridge deck can be prefabricated offsite, and can be installed faster
and more easily because its weight is less than precast concrete.

•

FRP skin provides environment protection for wood core.

•

The damage that usually happens in traditional concrete deck due to steel bar rust
will not happen in FRP-glulam panel.

•

Applying polymer concrete wearing surface on the FRP surface gives FRP-glulam
panel skid resistance in rainy and snowy weather.

Research Objectives
The objectives of this thesis are: (1) to develop an FRP-glulam panel system for
bridge deck construction, (2) to characterize material properties and durability of FRPglulam panels, (3) to evaluate the structural response of panels under simulated traffic
loads, and (4) to develop a design method based on current practice and research
findings.
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To achieve the proposed objectives the following activities were conducted:
(1) Characterize materials and evaluate the effects of preservative on material
properties;
(2) Develop an efficient processing method for industrial lamination of FRP skins;
(3) Evaluate the durability of the FRP-glulam interface, to ensure that integral
behavior can be assured during the life span of the structure under severe
environments;
(4) Develop a design method for FRP reinforced glulam decks;
(5) Assess safety of the structure under quasi-static loads through experiments;
(6) Assess deck-to-deck joint performance under fatigue loads;
(7) Demonstrate fabrication and installation.

The work presented in this thesis was conducted at the Advanced Structures and
Composites Laboratories at the University of Maine.

Outline of Thesis
The thesis consists of nine chapters. Chapter One provides an introduction,
describes research background, research objectives, and gives an outline of the thesis.

Chapter Two reviews the previous studies on glulam bridge deck and FRP
reinforced glulam girder. This chapter gives an introduction to various wood bridge deck
systems, which is followed by a review of research on interface evaluation and
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preservative technology on wood glulam. FRP composites fabrication methods are also
reviewed. The AASHTO (LRFD) Bridge Design Specifications (AASHTO 1998) and
USDA Timber Bridge Design Manual (Ritter 1992) recommendations on glulam bridge
decks are briefly presented. Finally, some details on deck connection are also discussed.

Chapter Three describes preliminary structural tests conducted at the Advanced
Structures and Composites Laboratory. Three-point bending tests, and five-point-bending
tests were conducted on six 89mm  152mm (3.5”  6”) panels. The wood species
selected is Eastern Hemlock, which is native from Maine. Three different panel types
were studied, with two repetitions per type. The first type is a control glulam panel
without FRP reinforcement; the second type is a glulam panel reinforced with
unidirection (0°) E-glass stitched fabric (UM1810); the third group is a glulam panel
reinforced with bias ( ± 45°) E-glass stitched fabric (XM1808). The responses of the
three different panel types under quasi-static load tests through failure are reported in this
chapter. Moment-curvature analysis for FRP reinforced glulam deck is also presented.

Chapter Four describes the tests to characterize FRP materials. These tests include
0°-tension, 90°-tension, 0°-compression, ±45°-tension tests, and interlaminar shear tests.
Correlation between experiment results and laminate analysis results are presented. Also,
the effects of Chromated Copper Arsenate (CCA) preservative on FRP material
properties are presented by comparing between the test results for CCA treated samples
and the non-treated samples. In this chapter, vacuum bagging, the proposed fabrication
method, is also presented. Following this, the experimental durability studies on FRP-
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wood interfaces and FRP-Polymer Concrete interfaces were described. The modified
ASTM D2559 (ASTM 2000b) cycle delamination test was used to evaluate the interface
durability. The results of the modified ASTM D905 (ASTM 2000a) shear block test are
presented. The effect of using a Chopped Strand Mat (CSM) is discussed, as well as the
effect of dry and wet conditions on the interface performance.

In Chapter Five, the experimental study on the structural response of 4’18’
(1219 mm  5486mm) Southern Yellow Pine (SYP) glulam under quasi-static loading is
reported. Both control glulam panels and FRP-glulam panels were studied. Simply
support and two-span continuous support bending tests were conducted. Finally, fatigue
test to evaluate the panel-to-panel joint response is also described. SYP glulam was used
instead of Eastern Hemlock because of the availability of wood species in the market.

In Chapter Six, the Finite Element Analysis (FEA) using the package ANSYS 5.7
for the panel in both simply support bending and two-span continuously support bending
tests is described. Shell element was used to model the glulam and FRP-glulam panels in
the linear range. The deflections, strains, and loads obtained from the FEA were
correlated to the values from experiments.

Chapter Seven presents the structural design of Union-Washington bridge deck.
The design method used was based on AASHTO LRFD Bridge Design Specifications
(AASHTO 1998) and the Timber Bridge Design Manual (Ritter 1992). Relevant details
about the bridge deck installation are also described.
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Chapter Eight describes the specifications for glulam and FRP-glulam panel
fabrication in KENWAY Corp., Augusta, Maine.

Chapter Nine summarizes the results and conclusions reached based on the
experimental and analytical studies. In addition, recommendations for the design,
fabrication and installation of FRP-glulam decks over steel girders are proposed. Finally,
several directions for future research are recommended.
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Chapter 2
LITERATURE REVIEW

Introduction
Timber bridge deck types, their features, and prior research work on glulam
bridge deck systems are presented in this chapter. Then, wood preservatives used for
timber bridges are discussed. This is followed by a review of the state-of-the-art FRPglulam beams. This chapter also includes a brief review of relevant fabrication processes
used by the FRP composites industry. Finally, this chapter concludes with a discussion of
currently available guidelines and specifications for the design of the timber bridge
decks.

Types of Timber Bridge Deck Systems
According to the orientation with respect to the traffic flow direction, timber
bridge deck systems are classified into two groups: (1) Longitudinal deck superstructure,
and (2) Transverse deck superstructure.

Longitudinal Glulam Deck Superstructure
Longitudinal deck superstructure consists of glulam or nail-laminated deck, and
those decks are supported by traditional girders. The deck is placed parallel to traffic
flow. The loads are applied parallel to the wide face of the lumber laminations. The deck
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resists all applied load by itself, because there is no beam or other components can help
it. The Configuration for a longitudinal glulam deck is shown in Figure 2.1.

Figure 2.1 Configuration for Longitudinal Glulam Deck (Ritter 1992)
Due to limits in strength capacity and deflection limit, longitudinal glulam decks
are especially suitable for short-span applications where clearance below the structure is
limited. Typical application of longitudinal glulam decks has clear span range up to
approximately 10.67 m (35 ft) (Ritter 1992). Longitudinal glulam decks can be used for
both single-lane and multiple-lane crossings.

As an alternative to use dowels or fasteners to interconnect deck panels,
transverse stiffener beams below the deck are typically used. These stiffener beams are
bolted to the deck either directly or with brackets. The stiffener beams distribute the load
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in the transverse direction between panels and make separate panels work like a whole
panel.

Transverse Glulam Deck Superstructure
Unlike the longitudinal deck superstructure, the glulam deck panels in transverse
deck superstructure placed in the transverse direction and perpendicular to the supporting
beams. Loads act parallel to the wide face of the laminations. Transverse glulam decks
are classified into two types, one is interconnected glulam deck, and the other is noninterconnected glulam deck. Interconnected decks have mechanical connection between
adjacent panels, e.g., dowel bars. Doweled decks are interconnected with steel dowels to
distribute the traffic loads between adjacent panels. Both deck types are stronger and
stiffener than conventional nail-laminated lumber or plank decks, resulting in longer deck
spans, increased spacing of supporting beams, and reducing live load deflection. The
configurations for transverse glulam deck systems are shown in Figure 2.2.

Non-interconnected glulam decks are the most widely used type of glulam decks
in modern timber bridge construction. They require little fabrication, and are easy to
install by unskilled labor and without special equipment, which results in a less cost.
Because the panels are not connected to one another, each panel acts separately to resist
the stresses and deflection from applied loads.

The selection of glulam deck type depends on the design requirements of the
structure and the economics of fabrication and construction. Because of requirements of
precise fabrication for proper installation and performance, doweled panels are more
14

expensive than noninterconnected decks. Ritter recommended a general rule in (Ritter
1992), when an asphalt-wearing surface is used and the deflection at the panel joints must
be limited to prevent cracking, interconnected decks should be selected.

Figure 2.2 Configurations for Transverse Glulam Deck (Ritter 1992)
Deck connectors, i.e., dowel bars or stiffener beam, resist the shear force and
moment due to relative deflections between the deck panels. These connectors aid in the
prevention of reflexive cracking of the wearing surface at panel joints.
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Former Research Work on Glulam Panel
Since the late 1960’s, research engineers at the USDA Forest Products
Laboratory, in cooperation with USDA Forest Service regional bridge engineers and
glulam industry undertook a research program to develop a glulam deck panel to replace
the traditional nail-laminated deck system. Several researchers have done extensive work
on glulam technology at USDA Forest Products Laboratory, Pennsylvania State
University, West Virginia University and other institutions in the USA and Canada. The
following is a brief review of the existing research work.

Research at USDA Forest Products Laboratory
McCutcheon and Tuomi compared nailed-laminated panels and glulam panels for
bridge decks in (McCutcheon 1973). Also, they evaluated the different type of deck-todeck connector systems. By conducting static tests on both glulam panel system and
nailed-laminated panel system and evaluating the deflection of both systems, They found
that, the longitudinal deflection profile of the glued-laminated panel is a smooth bellshaped curve, which demonstrated effective load distribution, while the nailed-laminated
deck profile is extremely truncated with nearly all deflection occurring directly under the
load block.

Screening tests for different types of connectors were also conducted at the Forest
Products Laboratory. McCutcheon and Tuomi tested five different types of shear
connectors and two shear-moment connectors. In the tests of evaluating the shear
connectors, they found the steel splines were reasonably effective in reducing relative
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displacement across the joint, but an abrupt discontinuity in the shape of the deflection
profile across the joint was also observed. There was relative displacement across the
interface of all the other joints followed by complete shear failures along the joints. None
of the above connectors was fully effective and the loaded panel absorbed most of the
load. In the tests evaluated the shear and moment connectors, two different types of
connector materials, wood and steel, were evaluated. No differential displacement of
panels was observed when steel dowels were used. While a crack was found along the
line of dowels in the loaded panel. They concluded that, for wood and steel dowels of
equal diameter and of sufficient length for maximum efficiency, the stress under wood
dowels will be 2 to 4-1/2 times the stress imposed by steel dowels. A design method
based on the concept of a beam supported by elastic foundation was also recommended,
and the critical condition is the stress of wood under dowel reaches proportional limit.

Rammer, another researcher at Forest Products Laboratory, did extensive research
work on shear strength of glulam timber beams and panels to improve the shear design
criteria as it applies to deck panels. An experimental study to investigate the shear
strength performance was conducted. It was found that, glulam beam failed immediately,
whereas glulam panel failed progressively as indicated by load versus time plots. The
author thought the reason is, in a deck panel, the weak lamination does not entirely
control the shear strength of the beam. When the weak lamination shear strength is
exceeded, the lamination will break and the load will transform to the surrounding
stronger laminations. Rammer believes, this load sharing or transforming process will
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lead to increased performance. The larger the deck panel, the smaller the increase of load
to the individual surrounding members and the greater the performance.

Research at Pennsylvania State University
Manbeck, researcher from Pennsylvania State University, conducted a 5-year
program to monitor the performance of red oak longitudinal girder and transverse deck
glulam highway bridge (Manbeck 1999). They evaluated structure, dimension stability,
and wearing surface. The results from tests demonstrate the bridge is structurally
satisfactory. After they monitor the deck for 3 years, a seasonal variation in panel width
was observed. The panels were at their maximum width from July to August and their
minimum width from October to March. They concluded the moisture adsorption and
desorption were the reasons resulting in this panel width change. A 0.59-inch annual
change for all panel widths was observed. After the first transverse crack was observed in
the second year after installation, several cracks in transverse direction and one
longitudinal crack along the centerline of roadway have been observed. The researchers
attributed this to (1) Inadequate mating of the deck panels to the beams before installation
of the lag bolts; (2) installation of the waterproof membrane directly over the deck
panels; and (3) the 6-8mm gap between the adjacent glulam deck panels.

Other researchers at Penn State University focused on the endurance of deck-todeck connections in transverse hardwood glulam decks (LaCross 2000). Fatigue tests
were conducted to evaluate the cyclic load response of dowel and stiffener beam
connections. It was found that, stiffener beam connections had better cyclic load response
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than the steel dowel connections. Steel dowel connections experienced approximately
20% degradation of stiffness after 1,000,000 cycles. While most stiffener beam
connections experienced little to no stiffness degradation after 1,000,000 cycles; the
smaller stiffener beam experienced 14% degradation after 1,000,000 load cycles.

Research at the University of Maine
Researchers in Advanced Engineered Wood Composite (AEWC) center,
University of Maine, did extensive research on using composite to reinforcing the glulam
panel. Dagher and Bragdon introduced some projects, which have been done in AEWC
center in (Dagher 2001). Two relatively new technologies were used, the first is
reinforcing the girders and decks at tension side with unidirectional FRP strip, and the
second is post-tensioning stress-laminated timber decks with transverse glass FRP
tendons. Reinforcing with FRP strip at tension side increased the bending stiffness and
bending strength of glulam girders and decks. Using FRP post-tensioning tendon will
reduce the stress loss in tendon due to wood creep, because of the less stiffness than
traditional steel bar. Several demonstration projects were built in state of Maine. An FRPglulam girder bridge in Medway, Maine and an FRP-glulam pier deck in Milbridge,
Maine, are demonstrating the first technology. Another bridge in Milbridge, Maine, with
GFRP post-tensioned stress-laminated timber deck was built to demonstrate the second
technology. Those projects are still in monitoring stage.
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Review of Wood Preservatives in Timber Bridges
Wood preservatives are used to prevent biological deterioration of wood
especially for wood exposed to the exterior environment. Solid sawn and glued-laminated
timber bridge members in the United States are treated in accordance with the American
Wood-Preservers’ Association Standards (AWPA). By doing preservative treating cycles,
the preservative material penetrate the wood members and create an envelope of
preservative around the outside of the bridge timber. “The retention in this penetrated
area is typically quite high and is designed to provide adequate protection from biological
deterioration”. (Blankenhorn 1999)

Depending on the chemical composition and the carrier used during the treating
process, the preservatives can be classified as either water- or oil-type. Waterborne
preservatives react with or precipitate in the wood substrate and become “fixed” so that
they resist leaching, which include Chromated Copper Arsenate (CCA-C), Ammoniacal
Copper Zinc Arsenate (ACZA), ammoniacal Copper Citrate (CC), Alkaline Copper
Quaternary compounds (ACQ), Copper Azole (CBA), and Copper
Dimethyldithocarbamate (CDDC). Because waterborne preservatives leave a dry,
paintable surface, they are widely used for treatment of poles, piling, and timbers. These
waterborne preservatives are primarily used to treat softwood species and are very
effective for this application.

The most common oil-type preservatives are creosote, pentachlorophenol, and
copper naphthenate. Oil-type preservatives are commonly used for applications such as
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utility poles, bridge timbers, pilings, and laminated beams. Because they may be oily or
have a strong odor, Lebow et al (Lebow 2001) said, they are less frequently used for
applications that involve frequently human skin contact or for inside dwellings. When
bonding is required, oilborne preservative cannot be used.

Chromated copper arsenate, Type C (CCA-C) is the most widely used wood
preservative in the United States. It contains chromium, copper, and arsenic. CCA-C
protects against attack by decay fungi, insects, and most types of marine borers. CCA is
not recommended for western species but may be used to treat glulams manufactured
from southern pine. CCA is usually used to treat the individual laminations prior to
gluing. Although the National Design Specification (NDS) does not specify reductions in
the dry design values for glulams preservatively treated according to AWPA Standards, it
does specify in (APA 1995) that wet-use design values shall be used whenever the
moisture content in services is 16% or more.

Peter E. Laks and other researchers evaluated the performance of eleven
preservative systems in secondary North American timber species. They found CCA
consistently performs better in southern pine compared to the other species. (Laks 1997)
According to AWPA Standards, for the glulam use as bridge deck over water without
ground contact, the retention of CCA requires 0.4 pcf (pound per cubic foot).

Researchers at University of Maine studied the feasibility of CCA-treated stressed
timber bridge decks. The advantages and disadvantages of CCA treatment are presented
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in (Caccese 1991; Dagher 1991). When compared to creosote and pentachlorophenol,
CCA treatment is regarded by Caccese (Caccese 1991) as the least environmentally
hazardous and easiest to work with method, primarily because it is tightly fixed to the
wood when dried after treatment, thus limiting the amount of preservative that can
escape. Opposing to oilborne preservatives, the waterborne CCA treatment is less
effective in limiting moisture intrusion into the wood. As a result, moisture fluctuations
in CCA-treated wood may cause significant expansion and contraction of the bridge
deck. Moisture content cycling will cause additional checking in the wood. Dagher et al
(Dagher 1991) think, when the preservative envelope punctured, as the wood checks,
additional avenues for wood deterioration will become available. By using several special
items such as Belleville springs, a moisture protection membrane sandwiched between
two layers of asphalt, the first CCA-treated stressed timber bridge in Maine was
constructed in 1991. A remote monitoring system continuously recorded the response of
the bridge to traffic loading and environmental conditions for a period of 5 years. The
result shows the CCA-treated glulam deck is suitable for bridge using.

Review of Existing Research Works on FRP-Glulam Structures
FRP-Glulam beam is the first structural member that FRP composites were
applied for reinforcement. In this type of structural member, FRP composites are applied
on the tension side of glulam beams or girders. It was found that FRP-glulam beams with
sufficient tension reinforcement not only exhibits significant strength increases, but also
can develop wood ductile compression failure, rather than the typical brittle tension
failure of wood (Dagher 1999; Dagher 1996).
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In parallel with construction applications, methods of analysis have been
developed for FRP-wood structural members. For example, Davalos and Kim proposed a
layer-wise theory for failure analysis of FRP reinforced glulam beams (Davalos 1996;
Davalos 1994). This failure analysis uses beam finite element analysis with layer-wise
constant shear and a progressive failure model, which can accurately compute stresses on
each layer for any type of laminate. The progressive failure analysis used in this model is
based on the assumption that a material is linear elastic up to ultimate failure. Material
degradation factors are used to define a percentage of the stiffness retained in a ply after
micro-damage has occurred.

A non-linear stochastic layered moment-curvature analysis of glulam beams was
developed Lindyberg in (Lindyberg 2000).

Review of Relevant FRP Composites Manufacturing Processes
There are several manufacturing processes used by the FRP composites industry
that can be used for wood reinforcement. The following manufacturing methods are used
by industry: (1) Hand Lay-up and Compression Molding; (2) Vacuum Bagging; (3)
Vacuum Assisted Resin Transfer Molding (VARTM) or SCRIMP; (4) Pultrusion; and (5)
Continuous Lamination Process. The selection of manufacturing process depends on the
dimension of the glulam members, the speed of fabrication, the degree of automation, the
type of polymer matrix, the type of fiber reinforcement, the temperature required to cure
the composite, the availability of equipment and in general the resulting fabrication cost.
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Vacuum bagging allows for the production of large, standard quality, lower cost
composite parts. Some materials in vacuum bagging can be reused such as, whole
vacuum system, and the vacuum bag. The reason why the vacuum bagging method was
chosen is the low cost of fabrication and its simplicity to master.

The bridge panels always have large dimensions, while Vacuum Bagging method
is suitable. In this sandwich structure system, applying FRP lamination successfully on
glulam panel is the key point to achieve composite behavior through panel section. For
that, a good adhesive is the most important thing.

As an adhesive, epoxy has the unique combination of properties, such as, gap
filling, strong, durable, room temperature curing, and etc. (Vick 1997). While epoxies fail
to qualify as structural adhesives in laminated wood products intended for wet-use
exposure, as required by industry standard ANSI/AITC A190.1. (AITC 1992a)
Furthermore, the American Institute of Timber Construction (AITC) does not recommend
that the epoxies be used in design or repair of structural timbers if the bonds are expected
to withstand either shear or tension loading without steel reinforcement (AITC 1992b).
To solve this problem, Vick developed a more durable epoxy bonds to wood by using
HydroxyMethylated Resorcinol (HMR) Coupling Agent. He evaluated the bonding
quality of HMR primed CCA-treated wood and FRP/lumber composite by doing cyclic
delamination test, shear strength test, and wood failure tests. Comparing the test results of
epoxy bonded unpriming CCA-treated Southern Pine with HMR primed samples, Vick
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found that the delamination was almost complete (89%) on unprimed wood, but only 3%
after HMR priming; shear strength and wood failure were raised above the standard to
11.54MPa and 83% respectively, compared with the values of 9.35MPa and 46% of
unprimed samples (Vick 1997). For the FRP/Lumber composite, only cycle delamination
tests were conducted. The results proved neither vinyl ester nor Phenolic FRPs
delaminated from the HMR priming epoxy bonding Southern Pine surface (Vick 1997).
The capability of epoxies to bond to both wood and plastics presents an opportunity for
making strong and durable composites from FRP and wood (Vick 1997).

Review of Glulam Deck Design Guidelines and Specifications
Currently, the available design guidelines and specifications are USDA’s timber
bridge design manual, Timber Bridges: Design, Construction, Inspection and
Maintenance (Ritter 1992) and LRFD Bridge Design Specifications (AASHTO 1998).
LRFD Specifications is a general design guide for all types of bridges, which does not
cover specific design or construction details. Recommendations of AITC or other
acceptable design standards are referenced. USDA’s design manual has more detail on
timber bridge design and construction.

Design Loads
Bridge deck’s design load is made up of dead load, including wearing surface and
gravity of structural components, and live load. In most cases, live load is truckload. In
AASHTO Specification, a load combination HL-93 is specified, which includes the
truckload, design tandem and design lane load. The critical load will be the combination
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leading to the maximum reaction. In this load combination, truckload is identical to HS20, which was specified in former AASHTO specifications. In AASHTO LRFD
Specification, an impaction factor IM is used to consider the dynamic effect of static
truckload. For the design of timber deck, 16.5% IM factor needs to be considered. While
in USDA’s timber bridge manual, live load just considers the truckload and no impaction
factor is used. In LRFD Specification, specific 3.6.1.3.3 says, when approximate strip
method is used to analyze the decks, and primary strips are transverse and their span do
not exceed 4600 mm, the strips shall be designed for the wheels of the 145 kN axle.

Glulam Properties
The most significant difference between ASD design method and LRFD design
method is the wood properties. The ASD specifications obtained wood properties directly
from National Design Specification for Wood (NDS) and AITC 117-Design. Those
properties are based on the actual ingrade tests (Nowak 1995). The base resistance used
in LRFD specifications, is defined as a value of stress that is to be used in the design.
These values correspond to wet-use conditions and 2-month load duration. Direct
conversion factors from ASD values in the NDS or AITC 117-Design to LRFD values
are given in Table 2.1.
Table 2.1 Conversion Factors for LRFD Base Resistance from NDS ASD Tables
(Nowak 1995)
Material

Fbo

Fto

Fvo

Fcpo

Fco

Eo

Glulam Timber

2.20

2.35

2.75

1.35

1.90

0.83
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Tire Contacting Area
In USDA’s timber bridge design manual, the formula for computing the length of
tyre contacting area in the direction of the deck span is given as:

, where bt

is in inches and P in lbs, for HS 20, the value of P is 12,000 lbs instead of standard
16,000 lbs in deck design, for HS 25, the value of P is 15,000, which is 1.25 times of HS
20; the length of tire contacting area in the direction perpendicular to the deck span is 15
inch. The formula for the wheel distribution width in the direction normal to the deck
span is:

, where t is the deck thickness in inches. For example, if the deck

thickness is 8.5 inch and truckload is HS 25, bt = 19.4 inch, the contacting area is
19.4”15”.

A formula to compute the tire contact area is given in LRFD Specifications as:
, where l is the length of tire contacting area in mm; 
is load factor, which is 1.75 for truckload; IM is dynamic load allowance percent, for a
timber deck, it is 16.5; P is design truckload in Newton, which is 72,500 N for HS 20,
and 90,625 N for HS 25. For the same example mentioned above, l = 421.26 mm (16.6
inch). The contacting area is 16.6”20”.

Moment and Shear Design
In USDA timber bridge manual, the glulam deck is designed as a simple
supported beam with a width equals to the panel’s thickness plus 381mm (15 in). When
the deck is continuously supported over more than two spans, a 0.8 reduction factor is
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applied to the maximum bending moment that computed for a simple span to account for
span continuity.

Shear design in timber bridge deck design is checking the horizontal shear. The
critical section of horizontal shear is located at a distance from the support equal to the
deck thickness. An effective width of 381 (15 in) plus twice the deck thickness is
recommended by AITC to check the horizontal shear.

Serviceability
Deck deflection is important because it directly influences the performance and
serviceability of the deck, wearing surface, and mechanical connections. Large deflection
causes bolts or other connections to loosen and asphalt wearing surfaces to crack.
AASHTO Specifications recommends a deflection limit of L/500 for SERVICE I. While
in USDA timber bridge manual, a live load deflection limit of 2.5mm (0.1 in) is
recommended for noninterconnected glulam panel.
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Chapter 3
PRELIMINARY STRUCTURAL CHARACTERIZATION OF
HYBRID FRP-EASTERN HEMLOCK GLULAM PANELS

Summary
This chapter examines the structural characterization of hybrid Fiber-Reinforced
Polymer (FRP) composite-glulam panel prototypes for bridge deck applications. The
structural system is based on the concept of sandwich construction with strong and stiff
FRP composite skins bonded to a structural glulam panel. The FRP composite material
was made of E-glass stitched fabrics embedded in a toughened vinyl ester resin matrix.
The glulam panels were fabricated with eastern hemlock vertical laminations bonded
with phenol resorcinol formaldehyde adhesive. The FRP reinforcement was applied on
the top and bottom faces of the glulam panel by wet lay-up and compacted using vacuum
bagging. A two-span continuous bending test protocol is proposed to characterize the
stiffness, ductility and strength response of the hybrid panels with two different fiber
orientations, unidirectional (0°) and angle-ply (±45°), and to correlate with control
glulam panels. The mode of failure of the panels was identified and served to define
design criteria for service limits and strength limits. First, a beam linear model based on
laminate analysis and first order shear deformation theory was proposed to compute
stiffness properties and to predict service load deflections. Second, a beam non-linear
model based on layered moment-curvature analysis was proposed to predict ultimate load
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and deflections. Correlations between experimental results and the proposed beam
models are presented.
Introduction
Wood as a traditional construction material has been widely used in transportation
infrastructure. Glued laminated (glulam) wood material has been used in bridges for
approximately 30 years (Wipf et al. 1990). Glulam panels have been used in bridge decks
by being supported either on steel or glued laminated stringers. Pioneer research work on
the application of glulam panels to bridge decks was conducted at the Forest Products
Laboratory (McCutcheon and Tuomi 1973; 1974). Stress laminated timber decks have
also been applied for highway bridges (Barger et al. 1993; Crews 1998). The method for
designing glulam bridge decks in the Timber Bridge Design Manual (Ritter 1992) led to
the construction of this type of structures. For example, the West Seboeis Stream Bridge
in Maine was built with glulam beams and a glulam deck (Dagher and Lindyberg 1999b).
Glulam panels exhibited good performance for bridge deck replacement due to the
following advantages (Zwerneman and Huhnke 1995): a) Reduction in out-of-service
time; b) Ease of installation; c) Reduction in dead loads; d) Increase in resistance to road
chemicals; and e) Wider tolerance to weather conditions during installation.
Fiber-reinforced polymer (FRP) composites, because of its high specific stiffness
and specific strength, have been widely used in the aircraft and transportation industries.
In recent years, FRP composites have been increasingly used in civil infrastructure
(Lopez-Anido and Karbhari 2000a). Fiber-reinforced composites have offered new
opportunities to repair or strengthen existing wood structures in buildings and bridges
(Plevris and Triantafillou 1992; Gardner et al. 1994). However, the use of FRP
32

composites for wood reinforcement is limited due to the relatively higher cost of
materials and fabrication process. There are various systems for FRP reinforcement of
wood structural members that have been developed, as follows: a) FRP wrapping of
wood members with E-glass and carbon fabric reinforcement using the wet lay-up
method (Sonti and GangaRao 1995; GangaRao 1997); b) Adhesive bonding of E-glass
FRP pultruded plates to glulam beams (Davalos et al. 1992a; Dagher et al. 1996; Tingley
et al. 1997; Dagher et al. 1998); and c) FRP tendons for prestressing of laminated wood
decks (Dagher et al. 1997). Examples of FRP-wood structural applications in civil
infrastructure are: a) Reinforced glulam beams for bridges (Davalos et al. 1992b; Davalos
et al. 1994a; Dagher and Lindyberg 1999a); b) Reinforced railroad ties (Sonti and
GangaRao 1996; Davalos et al. 1999); and c) FRP-glulam beams integral with a concrete
slab (Brody et al. 2000).
It was found that FRP-glulam beams with sufficient tension reinforcement not
only exhibits significant strength increases, but also they develop wood ductile
compression failure, rather than the typical brittle tension failure of wood (Dagher et al
1996; Dagher and Lindyberg 1999a). In parallel with construction applications, methods
of analysis have been developed for FRP-wood structural members. For example, a layerwise theory for failure analysis of FRP reinforced glulam beams was proposed (Davalos
et al. 1994b), and a progressive failure analysis was presented (Kim et al. 1996). A nonlinear stochastic layered moment-curvature analysis of glulam beams with horizontal
laminations was developed (Lindyberg 2000).
In addition to improve strength and ductility, the reinforcement of glulam panels
with FRP composite skins, based on the concept of sandwich construction, is expected to
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enhance durability performance leading to reduced maintenance requirements of bridge
decks. The use of glulam panels, which have been used for several years for bridge decks
in secondary roads, provides a strong and cost-efficient structural material. The
experimental-analytical structural characterization study required to develop a hybrid
FRP-glulam bridge deck system is presented in this chapter. The selected wood species,
eastern hemlock, is abundant in the Northeast region of the U.S. The objective of this
chapter is to present an experimental protocol combined with two analytical beam
models: 1) Linear model based on laminate analysis and first-order shear deformation
theory, and 2) Non-linear model based on layered moment-curvature analysis. The beam
linear model was applied to compute bending and shear stiffness properties and to predict
service limit deflections. The beam non-linear model was applied to compute ultimate
load capacity and deflections. These validated models provide a practical method of
analysis to predict deflections, strains, and ultimate load with the intent of developing
tools for assisting the design of FRP-glulam panels.

Hybrid FRP-Glulam Deck System
The hybrid FRP-glulam panel is made with FRP composite top and bottom skins
and an inner glulam panel, as shown in Figure 3.1. The FRP composite skins are
responsible for the tensile strength, contribute to the bending stiffness and provide
environmental protection. The inner glulam panel defines the configuration of the deck
system, provides bending and shear stiffness to the system, contributes to the
compressive strength and is responsible for the shear and bearing capacity of the deck.
The main advantages of hybrid FRP-glulam panels for bridge decks are: a) Lightweight
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deck; b) Non-corrosive materials; d) More cost-efficient than all FRP-decks; e) Proven
glulam panel technology for bridge decks; and f) Environmental protection provided by
the FRP composite skins.

Figure 3.1 Cross-Section of Hybrid FRP-Glulam Panel Prototype
Eastern hemlock (Tsuga canadensis), a widely distributed wood species in New
England, is not a high performance material for structural usage because of its low
strength and prone to check properties (Gardner and Diebel 1995). Because Eastern
hemlock is inexpensive and abundant in Maine, research has been conducted at the
Advanced Engineered Wood Composites (AEWC) Center to study the feasibility of
utilizing the low-grade eastern hemlock for structural usages by reinforcing with FRP
composites (Lopez-Anido et al. 2000b). The glulam panel specimens selected for this
study are one-half scale prototypes of typical bridge deck panels.
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Materials and Fabrication Process
The hybrid FRP-glulam panel is intended to be primarily subjected to gravity
loads acting parallel to the wide face of the wood laminations. Therefore, a single wood
grade combination is adopted for the glulam panel (APA 1995). The wood species
selected for the test program was Eastern Hemlock, commercial grade No. 2 or better.
The glulam panel prototypes used for the experimental study were made of four 2” 4”
wood laminations. The moisture content was measured and the boards were dried to a
desired 16% or less, prior to gluing. Phenol Resorcinol Formaldehyde (PRF) adhesive
was used to laminate the glulam panels. Typical material properties of eastern hemlock
laminations obtained from standard tension and compression tests are shown in Table 3.1.
These experimental data were obtained from E-rated grade #2 and better Eastern
Hemlock 2” 4” wood laminations with a total of 112 samples (Lindyberg 2000).
Table 3.1 Typical Material Properties of Eastern Hemlock Laminations
(Lindyberg 2000)

Note:

(GPa)

(MPa)

(MPa)

Mean

8.94

31.2

18.9

COV

---

18.2%

46.4%

computed based on linear regression analysis of linear portions of compression

and tension stress-strain curves

The fiber reinforcement investigated was E-glass stitched fabric (directional
continuous fibers) with binderless chopped strand mat (CSM) backing (BTI 1998). Two
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fiber reinforcement architectures were studied (See Table 3.2): 1) Angle-ply fabric,
XM1808, with at lay-up sequence (±45°/CSM); and 2) Unidirectional fabric, UM1810,
with a lay-up sequence (0°/CSM). In both fiber architectures two layers of fabric
reinforcement were applied on each face of the glulam panels.
Table 3.2 Mechanical Properties of E-glass/Vinyl ester FRP Composite
E-Glass

Thickness

Fabric
Mean

Reinf.

(mm)

COV

Direct

CSM

(%)

fiber

ply

ply

Mean

COV

(GPa)

(%)

(GPa)

Mean

COV

Mean

COV

(%)

(MPa)

(%)

(%)

(%)

XM1808

2.84

2.8

54.0

30.5

10.8

5.4

8.99

0.030

5.5

126.9

3.6

UM1810

3.62

5.3

44.9

30.5

23.2

7.6

3.75

0.024

18.8

467.7

6.6

values were approximated by using micromechanics equations (Mallick 1993)
Vinyl ester resin was used to impregnate the fabric reinforcement and served as a
fiber binder and adhesive to the glulam panel. The resin selected, DERAKANE 411
(Dow Chemical Co. 1999), is an epoxy-based vinyl ester designed to provide enhanced
toughness and high corrosion resistance, with elongation to failure at room temperature
of approximately 7 - 8%. The wood panels were primed with Hydroxymethylated
Resorcinol (HMR) (Vick 1995) coupling agent prior to laying up the wet E-glass fabric
reinforcement and vacuum bagging compaction was applied following the procedure
presented in (Lopez-Anido et al. 2000b). Priming eastern hemlock with HMR provides an
exterior quality adhesive bond for vinyl ester resin that is comparable to PRF adhesive
bonds (Lopez-Anido et al. 2000b).
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Panel Prototypes Dimensions and Properties
Three types of panel prototypes were characterized experimentally: a) Glulam
control panels (CO); b) FRP-glulam panels with angle-ply reinforcement (XM); and c)
FRP-glulam panels with unidirectional reinforcement (UM). The cross section of the
hybrid FRP-wood panel is shown in Figure 3.1. Dimensions and moment of inertia, Iw =
b hw3 /12, of the six panel specimens evaluated are listed in Table 3.3. The assumed
thickness of the FRP composite skin, hf, corresponds to the average thickness of tensile
coupons used to obtain mechanical properties, as shown in Table 3.2. The reinforcement
ratio corresponding to one FRP composite skin is defined as hf / hw. Then, the
reinforcement ratio for the panels with unidirectional reinforcement results in 2.1%.
Table 3.3 Panel Specimen Dimensions and Moment of Inertia
b

hw

hf a

Iw

Panel

(mm)

(mm)

(mm)

(mm4)

CO-1

149

88

0

8.46E+6

CO-2

148

89

0

8.69E+6

XM-1

148

82

1.4

6.85E+6

XM-2

149

89

1.4

8.81E+6

UM-1

146

81

1.8

6.23E+6

UM-2

148

85

1.8

7.57E+6

a. Thickness computed based on tensile coupon thickness
Tensile mechanical properties of FRP composite material coupons were obtained
following the standardized test procedure ASTM D3039 (ASTM 2000b). Composite
material properties obtained experimentally are: longitudinal modulus (

38

), longitudinal

tensile strength (

), and elongation to failure (

). The in-plane shear modulus of the

FRP composite material was computed based on the Halpin-Tsai micromechanics
equations (Mallick 1993). Based on the assumption of transverse isotropy (Barbero
1998), the out-of-plane shear modulus (

) results equal to the in-plane shear modulus.

The mechanical properties of the FRP composite materials are reported in Table 3.2. The
stress-strain tension responses of eastern hemlock wood, XM1808 and UM1810
reinforced composites are shown in Figure 3.2. We noticed that the elongation to failure
in tension of wood in general (and eastern hemlock in particular) is one order of
magnitude smaller than the elongation to failure of the E-glass/vinyl ester composite
materials. The stress-strain relationship for the unidirectional FRP composite material
(0°/CSM) is modeled as shown in Figure 3.3(a). A bi-linear stress-strain model, Figure
3.3(b), calibrated for Eastern hemlock (Lindyberg 2000) was adopted here as an
approximation to the actual wood constitutive relation for the glulam panel specimens.

Figure 3.2 Stress-strain Response in Tension for FRP Composite and Wood Materials
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(a) FRP Composite

(b) Eastern Hemlock Glulam
Figure 3.3 Stress-Strain Models for Materials
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The bending stiffness of the glulam control panels, EIw, was calculated based on
simply-supported beam bending tests. The experimental setup and test procedure for
simply-supported beam bending with a central point loads (i.e., three-point bending load)
is a modification of ASTM D198 (ASTM 2000a). The load-maximum deflection
relationship was obtained for four different span /depth ratios, (L / hw = 24.1, 20.7, 19.0,
13.9), to account for the effect of shear deformations. Assuming first-order shear
deformation theory, the procedure given in the ASTM D198 (ASTM 2000a) was applied
to compute the bending stiffness in the longitudinal direction. The bending modulus of
elasticity,

, of glulam wood was computed dividing EIw from Table 3.4 by Iw from

Table 3.3. However, this bending test procedure does not provide accurate computations
of beam shear stiffness. Other methods to compute beam shear stiffness are discussed in
ASTM D198 (ASTM 2000a).
Table 3.4 Bending Modulus of Eastern Hemlock Glulam Panel
Panel
(Nmm2)

(GPa)

CO-1

7.83E+10

9.26E+3

CO-2

8.68E+10

9.98E+3

Mean

8.26E+10

9.62E+3

Experimental Procedure
To characterize the structural response of FRP-glulam panel prototypes an
experimental protocol was proposed. Panel prototypes with a two-span continuous
configuration were subjected to a pair of central loads (e.g., five-point bending load). The
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two-span continuous experimental set-up is intended to simulate the actual structural
response of a deck panel supported by stringers (i.e., regions with positive and negative
bending moment), as shown in Figure 3.4.

Figure 3.4 Shear Force and Bending Moment Diagrams for Two-Span Continuous Panel
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A servo-hydraulic universal testing system (Instron 8803) with 500kN maximum
load capacity and a T-slotted table were utilized for the bending tests. A seven-channel
data acquisition unit controlled by LabView 5.0 software was utilized. A strain indicator,
P-3500, was interfaced with the data acquisition system in the two-span continuous tests
to collect strain data on the FRP composite material. In addition, five LVDTs were used
to measure deflections at the central spans and the supports. The proposed experimental
setup for two-span continuous bending tests is shown in Figure 3.5. The mean spacing to
depth ratio, L / hw, for the glulam panel prototype is 12.5, which represents a typical ratio
for actual bridge decks.

Figure 3.5 Experimental Setup for Two-Span Continuous Bending Tests

Deflections at Span 1 and Span 2 center points were corrected by support
settlements, as follows:
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(3.1)

Experimental Results
Experimental ultimate loads and mid-span deflections for two-span continuous
panels are reported in Table 3.5. The load-deflection response of the hybrid FRP-glulam
panels with angle-ply reinforcement and unidirectional reinforcement are correlated with
the control glulam panels in Figure 3.6 and Figure 3.7, respectively. From Figure 3.6 it is
evident that the panels with angle-ply reinforcement (±45°/CSM) behave similarly to the
control glulam panels without any significant increase in load capacity.

Table 3.5 Experimental Ultimate Load and Deflections for Two-Span Continuous Panels
Panel Ultimate Mode of Failure
Load

Mid-span Deflection at Peak
Load

(kN)

Span 1

Span 2

Mean

(mm)

(mm)

(mm)

CO-1

118.9

Tension

11.21

14.74

12.98

CO-2

108.7

Tension

8.65

15.86

12.26

XM-1

103.1

Tension

12.57

11.84

12.21

XM-2

100.1

Shear and tension

9.1

10.43

9.77

UM-1

167.0

FRP buckling, shear in wood

14.28

17.10

15.69

UM-2

169.0

FRP delamination, shear &
tension in wood

15.37

20.29

17.83
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Figure 3.6 Load-Deflection Response of FRP-Glulam Panels with Angle-ply
Reinforcement versus Control Glulam Panels

Figure 3.7 Load-Deflection Response of FRP-Glulam Panels with Unidirectional
Reinforcement versus Control Glulam Panels
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The panels with unidirectional reinforcement (0°/CSM) resulted in a substantial
increase in the ultimate load capacity and a moderate increase in stiffness with respect to
the glulam panels, as shown in Figure 3.7. Specifically, FRP composite skins (0°/CSM)
with a 2.1 % reinforcement ratio relative to the glulam cross-section resulted in an
ultimate load capacity increase of 47% (See Table 3.5). It is worth noticing that the
glulam panels with unidirectional reinforcement exhibited non-linear response prior to
failure with greater ductility than the control glulam panels.

The Timber Bridge Manual, Chapter 7, (Ritter 1992) recommends a maximum
live load deflection for non-interconnected glulam panels of 2.5 mm (0.1 inch). By
setting  = 2.5mm, the applied load P corresponding to the deflection Service Limit was
computed from the bending experiments (see Table 3.6). Reinforcing with unidirectional
fiber reinforcement (0°/CSM) increased the load corresponding to the deflection service
limit by 24%. The panels with unidirectional reinforcement revealed a maximum tensile
strain at the ultimate load that was approximately 30% of the strain to failure in tension of
the FRP composite material (

).
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Table 3.6 Correlation Between Beam Linear Analysis and Experimental Results
Panel

EI

KGA

Load P for
 = 2.5 mm

Type

(Service limit)

Max  x in FRP

Exp.

Max

in
wood

in wood

Analysis

Analysis

Analysis

Exp.

(kNm )

(kN)

(kN)

(kN)

CO-1

81.4

8342

29.0

26.5

-a

-a

0.0054

4.68

CO-2

83.6

8381

29.7

26.3

-a

-a

0.0048

4.26

XM-1

73.3

8131

26.5

23.4

0.0050

0.0043

0.0048

4.22

XM-2

93.6

8839

32.7

26.6

0.0041

0.0040

0.0040

3.76

UM-1

83.2

7944

29.2

31.5

0.0071

0.0068

0.0068

6.64

UM-2

96.3

8426

33.1

33.8

0.0065

0.0077

0.0062

6.34

2

Analysis

Max  x

Analysis

Analysis

a

At Ultimate Load P

(MPa)

Data not available.

Progressive Failure Mechanisms
All the panel prototypes were loaded monotonically to failure in a two-span
continuous configuration, as shown in Figure 3.5. In the control glulam panels, CO,
tension cracks occurred first in the bottom tension zone at one of the mid-spans. These
cracks progressed with the applied load. Other cracks developed on the top tension zone
at the central support, which lead to the final panel failure (See Figure 3.8).
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Figure 3.8 Control Glulam Panel (CO): Tension Cracks at one Midspan and Central
Support

In one of the FRP-glulam panels with angle-ply reinforcement, XM, an initial
partial delamination at the bottom face was observed near the central support. This
delamination was attributed to the changes in moisture content experienced by the panel,
which lead to differential moisture expansion/contraction and resulted in high interface
hygro-stresses between the FRP composite skin and the glulam wood panel. With the
increase of applied load, further delamination developed. When the applied load reached
103.1kN, tension cracks occurred in the bottom tension zone of the wood laminations at
one of the mid-spans and at the top tension zone of the wood laminations at the central
support. Final failure happened almost simultaneously in both tension zones. In the
second panel with XM1808 reinforcement when the load reached 97kN, an inclined shear
crack was observed from the loading point toward the central support and the load
dropped suddenly to 70kN. After this event, the FRP-glulam panel was able to sustained
increased load until it reached 100kN. The final failure occurred with a relatively large
shear crack and tension cracks in the bottom tension zone of the wood lamination at one
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of the mid-span points. Compression crushing was also observed on the top FRP
composite skin (See Figure 3.9).

Figure 3.9 FRP-Glulam Panel with Angle-ply Reinforcement (XM): Compression
Crushing in FRP Composite Skin and Tension Crack in Wood Lamination

In the FRP-glulam panels with unidirectional reinforcement, UM, when the load
reached 130kN, compression buckling was observed on the top FRP composite skin near
the loading plate, and the bottom FRP composite skin at both sides of the central support.
Simultaneously, a horizontal shear crack occurred between the loading point and the
central support, which developed steadily with the increase in applied load. When the
load reached 167kN, failure occurred and the load dropped in steps to 120kN. In the
second specimen with unidirectional FRP reinforcement, when the load reached 169kN,
the panel failed. FRP composite skin delamination was observed at the bottom
compression face near the central support. Simultaneously, tension cracks in the bottom
tension zone of the wood laminations (at one of the mid-span points), and horizontal
shear crack (between the loading point and the central support), developed (See Figure
3.10). A summary of observed failure modes is given in Table 3.5.
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(a) Local Buckling of Bottom FRP

(b) Horizontal Shear Crack in Wood

Composite Skin at Central Support

Lamination

Figure 3.10 Failure in FRP-Glulam Panel with Unidirectional Reinforcement (UM)

The control glulam panels and the glulam panels with angle-ply reinforcement
(±45°/CSM) had similar modes of failure controlled by wood fracture in tension. On the
other hand, the glulam panels with unidirectional reinforcement (0°/CSM) exhibited a
combined mode of failure that involved wood failure in shear and tension and FRP
composite buckling and delamination in compression.
Beam Linear Model: Laminate Analysis
From the experimental load-deflection curves of FRP-glulam panels (Figure 3.6
and Figure 3.7), it is observed that there is an initial linear response. Therefore, it is
assumed that the wood stress-strain relationship is linear in this load range as shown
initially in Figure 3.11. The hybrid FRP-glulam panel was modeled based on first-order
shear deformation beam theory, which accounts for bending and shear deformation
(Skaggs and Bender 1995). The bending stiffness of the FRP-glulam panels was
computed based on laminated beam analysis using equation (3.2).
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(3.2)

Figure 3.11 Stress and Strain Variation in the Cross-Section with Increase in Bending
Curvature
The shear stiffness, KGA, corrected to account for the parabolic distribution of
shear stress that satisfies the laminated beam surface boundary conditions (Vinson and
Sierakowski 1987; Barbero 1998) was computed using equation (3.3).

(3.3)

Assuming that the wood laminations are transversely isotropic, the shear modulus
is considered to be the average between the shear moduli in the longitudinal-radial
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plane (GLR) and the longitudinal-tangential plane (GLT). Suggested values of the elastic
ratios GLR/EL and GLT/EL for various woods species are given in the Wood Handbook
(FPL 1999). A typical value for the elastic ratio

of eastern hemlock is

assumed in this work to calculate the shear stiffness. The calculated beam stiffness
values, EI and KGA, are listed in Table 3.6.
Applying the virtual work method, the bending and shear components of vertical
deflection at one mid-span point are obtained as:

(3.4)
where the parameter fs = 31.286. It is worth noticing that final deflection formula
in equation (3.4) is applicable to other beam configurations by adjusting the parameter fs,
e.g., fs = 12 for a simply-supported beam with a centered point load. Therefore, shear
deformation is 2.61 higher relative to bending deformation for the two-span continuous
configuration as compared to the simply-supported beam.
The longitudinal strains in the cross-section result in

(3.5)
where the maximum applied bending moment is Mx = 5 PL / 64 (See Figure 3.4).
The applied load P corresponding to the deflection Service Limit (Ritter 1992), 
= 2.5mm, was computed and correlated with experimental results from the two-span
continuous bending tests (see Table 3.6). Longitudinal strains in the FRP composite (z =
h / 2) for the ultimate load from equation (3.5) are correlated with experimental strains in
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Table 3.6. On the compression side, the FRP composite skin exhibited local buckling
leading to delamination from the inner glulam core (Kim et al. 1997). Longitudinal
strains on the top and bottom face (z = hw /2) of the glulam panel are also reported in
Table 3.6.
In the two-span continuous bending tests of FRP-glulam panels with
unidirectional reinforcement, it was observed that horizontal shear failure was the main
mode of failure. Therefore, the shear strength in wood lamination needs to be verified.
The maximum shear stress in the cross-section is computed from force equilibrium in the
x-direction, as follows:

(3.6)

A similar method for shear in wood beam was discussed in (Crews 1998). The
maximum shear stress acting on the wood inner glulam panel results in
(3.7)
Where the maximum shear force is Vx = 11 P / 32 (See Figure 3.4). The predicted
values of Max

are listed in Table 3.6. A reference value of shear strength for eastern

hemlock parallel to grain (with 12% moisture content) is suggested as
the Wood Handbook (FPL 1999).
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= 7.30 MPa in

Beam Non-Linear Model: Moment-Curvature Numerical Analysis
Moment-curvature is a widely used method to analyze reinforced and pre-stressed
concrete structures (Lin and Burns 1981). Furthermore, moment-curvature analysis was
successfully applied to FRP-glulam beams with horizontal laminations (Lindyberg 2000;
Brody et al. 2000). To characterize the FRP-glulam panel response throughout the
loading history, the material nonlinear response needs to be considered. In this study
moment-curvature numerical analysis was extended to analyze the non-linear response of
FRP-glulam panels with vertical wood laminations and FRP composite skins up to
failure. The layered moment-curvature analysis was applied to characterize the bending
capacity and deformation (curvature) of the FRP-glulam panel cross-section and to
compute deflections. This non-linear model was correlated with the experimental results
for the hybrid FRP-glulam panels with unidirectional reinforcement.
The proposed layered moment-curvature analysis is based on the following
assumptions:
1. FRP composite skins are perfectly bonded to inner glulam panel. Therefore, the
longitudinal strains in the glulam panel and FRP composite skin are continuous
through the depth;
2. Constitutive equations (stress-strain relationships) of wood laminations and FRP
composite material are known. A bilinear stress-strain relationship is assumed for the
wood laminations, as shown in Figure 3.3;
3. Longitudinal strains are linear through the depth of the panel; and
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4. The ultimate moment capacity is reached when the strain to failure in compression of
wood laminations (
(

) or the strain to failure in tension of the FRP composite skin

) are attained.
It is worth noting that the main limitations of the proposed layered moment-

curvature analysis are that failure due to horizontal shear is not verified and that beam
shear deformations are not considered.
Equilibrium of internal tension and compression forces in the cross-section shall
be satisfied (Lin and Burns 1981), as follows:

(3.8)

where

is the distance between the middle planes of the FRP composite

skins. A non-linear equation in terms of the cross-section curvature,

, (or the neutral

axis location c), is obtained by substituting the constitutive material models from Figure
3.3 in equation (3.8). Then, equilibrium between applied bending moment and internal
resisting moment is considered:

(3.9)

A non-linear moment-curvature relationship is obtained by evaluating equation
(3.9) using the solution for

.
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In the proposed analysis procedure, the wood lamination response is first linear
elastic without material damage, as shown in Figure 3.11. The location of the neutral axis
is determined based on the strain distribution in the cross-section. When the longitudinal
strain exceeds the linear limits in the wood laminations damage develops resulting in a
change in the location of the neutral axis. If the tensile strain in a wood fiber reaches the
rupture strain in tension,

, then the wood fiber is considered cracked in tension. The

contribution of the cracked portion of the wood laminations to the moment capacity is
neglected, as shown in Figure 3.11. If the compressive strain in a wood fiber reaches the
peak strain in compression,

, then the wood fiber exhibits softening due to crushing, as

shown in Figure 3.11.
The solution method for the non-linear moment-curvature relationship of the
FRP-glulam panel cross-section consists of the following steps
1. Consider an initial seed value for the longitudinal compressive strain in the extreme
glulam wood fiber,

.

2. Solve for the location of the neutral axis, c, using internal force equilibrium equation
(3.8) and compute the cross-section curvature, x.
3. Compute the internal resisting bending moment, Mx, using equation (3.9).
This solution steps are repeated for increasing values of
ultimate failure in compression of the extreme wood fiber,

until

, is reached. An iterative

Levenberg-Marquardt algorithm was applied to solve the non-linear internal force
equilibrium equation (3.8) (MathSoft 2000). This numerical technique is a quasi-Newton
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method (a variation on the gradient method). At each step, the algorithm estimates the
first partial derivatives of the errors with respect to the variables to be solved to create a
Jacobian matrix. The numerical algorithm was adopted from the public-domain
MINPACK algorithms developed and published by the Argonne National Laboratory
(More et al. 1980).
The moment-curvature response for the FRP-glulam panel with unidirectional
reinforcement is shown in Figure 3.12, and the correlation with the ultimate experimental
load is presented in Table 3.7. It is worth noticing that the moment-curvature relationship
is based on the bi-linear stress-strain model for eastern hemlock shown in Figure 3.3(b).
Therefore, some considerations on the application of the wood lamination constitutive
model shall be made. First, the constitutive model represents the average response of
single wood laminations. When wood laminations are bonded together to form a glulam
panel, randomization of defects (e.g., wood knots and drying cracks) increases the tensile
strength,

. A second consideration is that the “bridging effect” exerted by the FRP

composite skin on the bonded wood laminations also increases the tensile strength. Due
to these combined tensile strengthening effects, it is expected that wood tension cracking
develops at a later loading stage, and consequently the linear response in the momentcurvature relationship will be further extended. Finally, the proposed moment-curvature
numerical analysis assumes that compression failure of the panel is attained when the
extreme wood fiber reaches ultimate compressive strain,

. Hence, it is implied that

when approaching ultimate strain to failure in compression, wood fibers will crush and
wrinkle triggering local buckling of the FRP composite skin, as observed in the
experiments. These considerations can serve to correlate the experimental load57

deflections response in Figure 3.7 and mode of failure in Table 3.5 with the predicted
moment-curvature relationship in Figure 3.12.
Table 3.7 Correlation Between Moment-Curvature Analysis and Experimental Results
Panel

Ultimate Load

Ultimate Deflection

Type

(kN)

(mm)

MomentCurvature

Experimental Diff.
Mean

(%)

Analysis

Moment-

Experimental

Curvature

Mean

Diff.

Analysis

UM-1

174.4

167.0

4.4

13.4

15.69

14.6

UM-2

187.7

169.0

11.0

13.2

17.83

26.0

Figure 3.12 Moment-Curvature Relationship for FRP-Glulam Panel with Unidirectional
Reinforcement (UM-1)
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The inverse relationship of curvature-moment was solved by linear interpolation
of the set of numerical values reported in Figure 3.12. Then, the curvature distribution
along the panel length corresponding to the ultimate load was obtained,

.

Integrating the curvature distribution based on moment-area theorems and symmetry
considerations allows prediction of ultimate deflections under the applied point loads, as
follows:

(3.10)

Correlations of ultimate deflections with experimental values are presented in
Table 3.7. It is worth noticing that since the moment-curvature method does not account
for shear deformations, the prediction of ultimate deflection is lower than the
experimental values.

Conclusions
The structural characterization of hybrid FRP-glulam panels for bridge deck
construction was presented using a combined analytical and experimental approach.
Based on the research findings presented in this chapter we arrived at the following
conclusions:
1. A two-span continuous bending test protocol is recommended to characterize the
stiffness and strength response of FRP-glulam panels under simulated traffic loads.
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2. The proposed beam linear model, based on laminate analysis and first order shear
deformation theory, proved to be a simple and realistic tool to compute panel stiffness
properties and to predict service load deflections.
3. The proposed beam non-linear model, based on layered moment-curvature analysis,
proved to be a valuable tool to characterize the response of the panel cross-section
and to predict the ultimate load capacity.
4. Correlations with experimental results show that both beam models are required to
fully characterize the FRP-glulam panel response, since neither model by itself can
capture all the stiffness, ductility and strength features.
5. The methodology presented proved to be a practical approach to discriminate the
responses of hybrid FRP –glulam panels with different fiber orientation: (0°/CSM)
and (±45°/CSM).
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Notation
The following symbols are used in this chapter
b

=

Panel width

c

=

Location of neutral axis

h

=

Total thickness of FRP-glulam panel

hw

=

Thickness of glulam panel

hf

=

Thickness of FRP composite skin

=

Internal compression force resultant in FRP composite and glulam wood

=

Control glulam panel (unreinforced)

=

Elastic modulus of glulam wood in longitudinal direction

=

Elastic modulus of FRP composite skin in longitudinal direction

EI

=

Bending stiffness of FRP-glulam panel

EIw

=

Bending stiffness of control glulam panel

=

Ultimate tensile strength of FRP composite

=

Ultimate tensile strength parallel to grain of glulam wood

=

Ultimate compressive strength parallel to grain of glulam wood

=

Ultimate shear strength parallel to grain of glulam wood

=

Shear modulus of FRP composite

=

Shear modulus of glulam panel

Iw

=

Moment inertia of glulam panel

KGA

=

Shear stiffness adjusted by shear coefficient

L

=

Panel span length

Mx

=

Bending moment

P

=

Applied load

CO

=

Internal tensile force resultant in FRP composite and glulam wood

UM

=

Unidirectional FRP composite reinforcement (0°)

Vf

=

Fiber volume fraction

Vx

=

Shear force
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XM

=

Angle-ply FRP composite reinforcement (±45°)



=

Deflection at mid-span point

b

=

Bending component of deflection at mid-span point

s

=

Shear component of deflection at mid-span point

=

Longitudinal strain

=

Strain to peak in compression of glulam wood

=

Strain to failure in tension of FRP composite

=

Ultimate strain to failure in compression of glulam wood

=

Strain to failure in tension of glulam wood

=

Cross-section bending curvature

=

Normal stress in glulam wood

=

Shear stress in glulam wood in the plane xz

Subscripts
w

=

Wood glulam

f

=

FRP composite skin

c

=

compression

t

=

tension
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Chapter 4
EFFECT OF CCA PRESERVATIVE TREATMENT ON PROPERTIES
OF FRP COMPOSITES FOR GLULAM REINFORCEMENT

Summary
Since fiber-reinforced polymer (FRP) composite reinforcement of glulam panels
for exterior use are bonded to preservative treated wood, the effect of preservative
chemicals on the properties of FRP composites need to be evaluated. In this chapter, the
effect of Chromated Copper Arsenate (CCA) preservative treatment on the properties of
E-glass / Vinyl Ester composite reinforcement was study. The proposed methodology
was to identify material performance indicators of the FRP composite reinforcement
(elastic and strength properties) and the FRP-wood bonded interface (hygrothermal
cycling and shear strength). A series of ASTM standard test procedures were adapted to
characterize CCA pressure treated FRP composite and hybrid FRP-wood materials.
Performance indicators were computed for treated and non-treated material samples to
evaluate residual properties and assess durability to CCA preservative treatment. A oneway ANOVA statistical analysis was conducted on the experimental performance
indicators for both treated and non-treated samples to assess the effects of CCA
preservative chemicals on hybrid FRP-glulam and correlate with non-treated materials.
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Introduction
To obtain the properties of FRP composites for structural analysis and evaluate
the effects of CCA treatment on the properties of FRP composites, material
characterization was conducted. In this chapter, elastic and strength properties of FRP
composite materials were obtained experimentally following ASTM standard test
procedures. In addition, since the FRP composite skin is in contact with CCA-treated
southern yellow pine laminations, the effects of CCA on FRP material properties were
studied. Material level experiments on CCA treated E-glass / Vinyl Ester FRP samples
were conducted and correlated with non-treated samples.
Durability of FRP-wood interface, and FRP-polymer concrete interface were
studied. In this chapter, the durability of FRP-wood interface and FRP-polymer concrete
interface were examined by conducting modified ASTM D2559 (ASTM 2000c)
hygrothermal cycling to assess delamination. The effects of wood surface preparation
were also examined. The shear strength of the FRP-wood bonded interface was studied
by conducting shear resistance to compression loading test ASTM D905 (ASTM 2000a),
which is also part of the ASTM D2559 procedure. Specifically, the effect of a Chopped
Strand Mat (CSM) layer and the effect of moisture content on the bonded interface shear
strength and mode of failure were examined

Materials and Fabrication Process
FRP Composite Material
FRP composite materials made of E-glass fiber in a vinyl ester resin matrix were
studied. Two different fiber reinforcement configurations were considered: 1)
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Unidirectional woven fabric reinforcement, UNI, and 2) Chopped strand mat (CSM).
Unidirectional woven fabric was used instead of stitched fabric, to be able to cut the
reinforcement into the required width for the experiments and to avoid having a backing
mat. The selected vinyl ester resin was DERAKANE 411-700 PAT (Dow Chemical Co.
1999). The fiber and resin properties (Barbero 1998) are presented in Table 4.1. The
weight of the unidirectional fabric per unit area is 880 g/m2 and the commercial
denomination is VEW260. The weight of the CSM mat per unit area is 300 g/m2.
Table 4.1 Fiber and Resin Properties
Properties

E-Glass

Vinyl Ester Resin

Density (g/cm3)

2.55

1.12 (Dow Chemical Co. 1999)

Modulus (GPa)

72.35

3.4

Poisson’s ratio

0.22

0.38

To obtain material properties and evaluate the effects of CCA preservative on
FRP properties, material characterization based on ASTM standards test procedures were
conducted (See Table 4.2). The number of specimens for the experiments is determined
according to the minimum number specified in the ASTM standards, as shown in Table
4.2.
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Table 4.2 Material Characterization Matrix
Tension

In-plane
Shear

Compression

Interlaminar
Shear

0°

90°

±45°

0°

0°

D3039

D3039

D3518

D3410

D2344

UNI

(8)

(6)

(6)

(6)

(12)

CSM

(6)

(6)

UNI (CCA)

(8)

(6)

(6)

(12)

CSM (CCA)

(6)

Fiber Orientation
ASTM

Note: number in parenthesis is the number of tested samples.

FRP Composite Specimen Fabrication by Vacuum Bagging
All test samples were fabricated using wet lay-up with vacuum bagging
compaction. As mentioned in Chapter 2, the vacuum-bagging method is widely used in
the FRP composites industry. This fabrication method was also adopted to reinforce the
full-scale glulam panels for laboratory structural experiments and for Skidmore Bridge
deck installation, as shown in Chapter 8.
The reinforcement fabric was cut according to experimental requirements. The
required amount of vinyl ester resin, catalyst, promoter and accelerator was mixed. Dow
Derakane 411-700 PAT resin with a 1% composition of the MEKP, Lupersol DHD-9
catalyst was used in experiments. The resin mixture has a pot life of 25 minutes at 24°C.
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A hand roller was used to saturate the E-glass fabric with resin. After laminating all
required fabric layers, a peel ply was placed on the saturated reinforcement. A perforated
release film and two layers of bleeder/breather cloth were placed on the peel ply. The
mold was placed into sealed plastic bag to apply vacuum.
The bagging film was connected to the vacuum pump through vacuum connector
and vacuum hose. The vacuum pressure was monitored through the attached vacuum
gage. The vacuum pressure was held at 200 mm of Hg. The vacuum pressure was applied
to the specimen until the resin gelled. The above specified resin system started to cure
after 20 to 35 minutes, whereas complete curing occurred in approximately 12 to 24
hours at ambient temperature. After resin curing (usually 20 hours), took out cured
composite from vacuum bag and cut it into the desired dimensions for testing.

CCA Preservative Treatment of FRP Composite Materials
The effects of CCA treatment on the mechanical properties of E-glass / Phenolic
pultruded composite material was studied (Tascioglu 2001). Pressure treating E-glass /
phenolic FRP pultruded composites with 10% CCA solution reduced the tensile strength
in fiber direction about 25% (Tascioglu 2001). However, pressure treatment did not
reduce the strength in transverse direction, interlaminar shear strength, modulus in
longitudinal and transverse direction (Tascioglu 2001).

In this Chapter, the effects of CCA preservative treatment on the mechanical
properties of E-glass / Vinyl ester composite materials fabricated by wet layup with
vacuum bagging compaction is presented. The same treating process used in a prior
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research work (Tascioglu 2001), was exactly followed in this research to treat the E-glass
/ Vinyl ester FRP composite samples. The process is given in following paragraphs.
The 10 % CCA solution was selected to be the treatment solution for FRP plates,
which is the product of vacuum bagging method without cutting. Since CCA is a waterborne preservative, the commercial 50 % CCA solution can be diluted to 10 % with water
on a weight basis.
All pressure treatments were performed in a pressure vessel at UMaine’s
Advanced Structure and Composite Laboratory. The total contact time with solution was
approximately 90 minutes.
1. The weights of FRP plates were weighed before placing them into the prepared
CCA solution. The plates were separated by screening, to make sure all plates
contact with CCA solution thoroughly.
2. The container with samples and CCA solution were placed into the pressure
vessel. Applied 25 inch Hg vacuum for 20 minutes, then 1.03 MPa (150 psi)
pressure and held for 30 minutes.
3. Released the air from pressure vessel. Take out the FRP plates. The CCA solution
was removed from the surface of plates, and weighed the weights of FRP plates
again.
The following post-treatment conditioning was applied:
1. The treated FRP plates were wrapped with plastic film. And were left to dry for 3
days.
2. The plates were unwrapped with the plastic film, and placed in the environment
chamber, which keeps 24° C and 50% RH. The plates were left there for one
week.
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3. Cut the plates into the testing samples according to experiments requirements in
ASTM specifications.
4. Placed samples back in the chamber until test.
The weights of FRP plates before treatment and after treatment are shown in Table 4.3. .
Compared to the typical CCA retention in wood species, which is 0.0064 gram/cm3, the
CCA retention level in FRP composite is higher. The reason is 10% CCA solution was
used to treat the FRP samples in this research, while in wood industry, 3% to 4% solution
was used to treat wood lamination.
Table 4.3 Weight Change with CCA Pressure Treatment
Test

FRP
Mean
Composite Volume
(cm3)

Interlaminar

UNI

167.64

Weight
before
treatment
(gram)
281.66

283.16

0.0089

UNI

252.87

379.95

384.86

0.0194

UNI

202.47

340.73

344.22

0.0173

CSM

216.34

306.27

307.99

0.0080

Weight after CCA
treatment
retention
(gram)
(gram/cm3)

Shear
Tension
Transverse
Tension &
Compression
Longitudinal
Tension
Longitudinal

FRP-Glulam Wood Specimen Fabrication for Cycle Delamination Test
Except for the specimens used to evaluate the FRP-wood bond line without
surface refreshment, which were supplied by a glulam fabricator, all the other test
specimens were fabricated in the Laboratory.
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Grade two or better 0.0064 gram/cm3 CCA treated southern yellow pine boards
with nominal size of 25150mm (1”6”) were used to fabricate glulam specimens. Its
moisture content was around 12% when fabricating. The fabrication procedure is:
1. The wide faces of southern yellow pine boards were planned, and cut into 610mm
(24”) long laminations.
2. Phenol Resorcinol Formaldehyde (PRF) adhesive was applied on the wide faces
of each board with the rate of 387.5 g/m2. Six wood laminations were clamped
together with a pressure of 0.75 MPa for 24 hours.
3. Finally, the resulting glulam specimen was removed from the clamps. The extra
adhesive on from the wide faces of the glulam specimen with a planer.

As mentioned in Chapter 2, priming Hydroxy Methylated Resorcinol (HMR)
coupling agent on CCA treated Southern Pine glulam increased the bonding quality
significantly (Vick 1995). The composition of the HMR primer was also presented in
(Vick 1995).
A standard work instruction for proportioning, mixing, applying and obtaining
ingredients for HMR primer for bonding vinyl ester matrix composites to wood by wet
lay-up was applied (Lopez-Anido 2001). When cutting FRP-glulam specimens, 75 mm
(3”) long portions at both ends were discarded, and the left portion was cut into six 75
mm (3”) long parts.
To evaluate the effects of wood lamination refreshment, cycle delamination tests were
conducted on the samples from two different groups. The wood laminations in one group
were directly cut from a glulam panel supplied by a glulam fabricator, which is 216 mm
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(8.5”) thick. The FRP composite skins were applied to this wood lamination after HMR
priming without wood lamination refreshment. The specimens in other group were
fabricated using the procedure specified in this section. The only difference is that, the
specimens were placed in the chamber at 18 C temperature and 50% RH for two months
after refreshing the surface of the wood lamination. Then, the glulam surface was primed
with HMR. Finally FRP composite skins were applied on both top and bottom faces with
vacuum bagging method. The FRP composite stacking sequences considered are:
[CSM/03/CSM] and [03].
The specimens to evaluate the bonding interface between FRP skin and polymer
concrete overlay was applied a 6mm polymer concrete overlay was applied on one FRP
skin with broom-seed method (TRANSPO Industries 2000). The polymer concrete
consists of epoxy adhesive and aggregate (TRANSPO Industries 2000).
The detail of specimens for cycle delamination test is shown in Figure 4.1.

Figure 4.1 Specimen for Cycle Delamination Test
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FRP-Wood Specimen Fabrication for Shear by Compression Loading Test
The specimen fabrication process for testing samples has the following steps:
1. Cut 25150mm (1”6”) nominal size southern yellow pine lamination into 610 mm
(24”) long lamination. Plane the lamination surface.
2. Prime the wood board surface with HMR solution.
3. Apply the FRP skin on the wood board using wet layup. The resin used is vinyl
ester DERAKANE 411-700 PAT (Dow Chemical Co. 1999).
4. Place another wood board on FRP skin. Use vacuum-bagging method to put the
two wood boards and FRP skin together.
5.

Cut the boards into the samples as shown in.

The FRP composite stacking sequences considered are: [CSM/03/CSM] and [03].

The samples used to evaluate the moisture effect were pretreated before test. The
process to treat the samples is: the samples were placed in a pressure vessel with water
and submerged in the water. A vacuum pressure of 200 mm Hg was applied for 10
minutes first, then a pressure of 0.52 MPa (75 psi) was applied and held for 45-60
minutes. Check the specimens, make sure their weights are increased nearly 50% after
treatment. All “dry” specimens were conditioned in an environmental chamber at a
relative humidity of 50% and a temperature of 23C for a period of seven days before
testing.
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Figure 4.2 FRP-Wood Shear Block Specimen

Experimental Characterization of CCA Treated FRP Composite Material
Material characterization tests were conducted in a temperature and moisture
controlled room (23°C and 50% RH) following ASTM standard procedures. The
following ASTM standard test procedures were used: D3039 (ASTM 2000e) for
unidirectional and transverse tension, D3410 (ASTM 2000f) for unidirectional
compression, D3518 (ASTM 2000g) for ±45° tension, D2344 (ASTM 2000b) for
Interlaminar shear (I.L.), D2584 (ASTM 2000d) to determine constituent weight
fractions. Fiber weight fraction (Wf), and matrix weight fraction (Wm) was computed for
both UNI/Vinyl ester and CSM/Vinyl ester composites.
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Unidirectional and Transverse Tension
Unidirectional and transverse tension test were conducted on both un-treated
samples and CCA treated samples based on ASTM D3039. The detail testing process
refers to ASTM D3039.
An Instron 8801 servo hydraulic testing frame was used to conduct the material
experiments; Strain gages were bonded to the test coupons. Because of the limitation of
sample width, only one strain gage was bonded to unidirectional tension samples. While
two strain gages, one in the longitudinal direction and one in the transverse direction,
were used in transverse tension samples.
According to ASTM D3039, the elastic modulus of specimen should be
determined using the data in the strain interval 1000μ to 3000μ. Because the samples’
thickness are not consistent in different tests due to fabrication method and existence of
woven fabric, stress-strain responses are replaced by stress*thickness-strain responses for
reporting. Thicknesses of samples are listed in Table 4.4 and Table 4.5. Typical
stress*thickness-strain responses of tests are shown in Figure 4.3 and Figure 4.4. The test
results are reported in Table 4.6 and Table 4.7. The symbol UNI is used to identify a
composite lamina with unidirectional continuous reinforcement, VEW260. The symbol
CSM is used to identify a composite lamina with chopped strand mat reinforcement,
MAT 113.
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Table 4.4 Thickness of 0°-tension Test Samples
UNI

UNI (CCA)

CSM

CSM (CCA)

Mean (mm)

2.03

2.13

1.97

1.40

COV. (%)

3.3

1.8

8.1

8.8

Table 4.5 Thickness of 90°-tension Test Samples (4 plies)
Thickness t

UNI

UNI (CCA)

CSM

Mean (mm)

2.22

2.48

2.19

COV. (%)

9.1

13.4

4.7

Figure 4.3 Typical Stress*thickness-strain Response of UNI 0°-tension Test
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Figure 4.4 Typical Stress*thickness-Strain Response of CSM 0°-tension

Table 4.6 Longitudinal Tensile Tests of UNI and CSM Composite Lamina
Sample

E1tt (kN/mm)

 u1

F1t (MPa)

 12

Mean

COV.

Mean

COV.

Mean

COV.

Mean

COV.

UNI

86.89

9.4%

653.23

5.4%

0.0177

7.3%

N/A

N/A

UNI

86.82

6.3%

508.59

5.2%

0.0137

6.5 %

N/A

N/A

CSM

21.91

7.0%

172.84

6.8%

0.020

4.6%

0.40

2.5%

CSM

20.40

5.8%

228.34

7.7%

0.020

13.5%

0.37

5.9%

(CCA)

(CCA)

81

Table 4.7 Transverse Tensile Tests of UNI & CSM Composite Lamina
Sample

E2tt (kN/mm)

 u2

F2t (MPa)

 21

Mean COV.

Mean

COV.

Mean

COV.

Mean COV.

19.54

9.4%

19.31

30.0%

0.0019

20.0%

0.087

13.1%

UNI (CCA) 18.19

11.4%

17.02

21.9%

0.0022

16.7%

0.097

37.6%

CSM

5.33%

118.60

9.58%

0.021

10.2%

N/A

N/A

UNI

17.37

In Figure 4.3 and Figure 4.4, a linear responses of stress*thickness-strain were
observed in both non-treated UNI specimens and CCA treated UNI specimens. While
nonlinear responses were observed in CSM specimens and CCA treated CSM specimens.
The nonlinear response of CSM dues to that fiber oriented in all direction. Effects of
CCA treatment on material properties will be discussed later in this chapter.

Unidirectional Compression
Unidirectional compression tests were conducted on UNI samples following the
ASTM standard D3410 Procedure B.
A test fixture developed by Wyoming Test Fixtures, Inc. recommended in the
ASTM test procedure was used. Two strain gages were bonded in the longitudinal
direction at both faces of test samples to monitor the bending effect. According to ASTM
D3410, the percent bending in specimen is defined as:
(4. 1)
The ASTM standard test procedure requires B y 10%.
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A strain indicator box and data acquisition system were used to collect the data.
The test setup is shown in Figure 4.5. Six 12.5mm150mm samples were tested. Each of
them had three plies of unidirectional fabric. The coupon thickness is reported in Table
4.8.
Table 4.8 Thickness of Unidirectional Compression Test Samples
Thickness (mm)
1

2

3

4

5

6

Mean

COV.

UNI

1.86

1.83

1.84

1.81

1.81

1.84

1.83

1.08%

UNI
(CCA)

1.99

1.96

1.96

2.09

1.97

1.95

1.99

2.64%

(b) Typical failed coupon
(a) Setup
Figure 4.5 Unidirectional Compression Test

According to the ASTM D3410, the data in strain interval 1000μ to 3000μ, should be
used to determine the modulus. A typical stress-strain Response is presented in Figure
4.6. The test results are reported in Table 4.9.
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Figure 4.6 Typical Stress-Strain Response of Unidirectional Compression Test

Table 4.9 Longitudinal Compression Test of UNI Composite Lamina [0°]
Sample

E1tt (kN/mm)

F1c (MPa)

Mean

COV.

Mean

COV.

UNI

79.99

7.0%

258.66

7.4%

UNI (CCA)

79.31

6.5%

297.38

8.4%

A transverse failure crack was observed at the middle of each specimen. All
specimens failed in compression in the gage zone. A typical failed coupon is shown in
Figure 4.5.
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In-Plane Shear Modulus by [±45°] Tension
To obtain the in-plane shear properties of UNI composite laminates, [±45°]
tension tests were conducted on six 25.4mm254mm (1”10”) specimens based on ASTM
D 3518.
Samples for this test were fabricated by placing unidirectional fabric at +45° and
–45° orientations. Two strain gages were bonded in both transverse and longitudinal
directions. An Instron servo-hydraulic testing frame (100 kN) was used to apply load, the
same data acquisition system was used to collect data.
In this test, x and y were directly obtained. The shear strain can be computed by
using:
(4. 2)
The shear stress can be computed by using:
(4. 3)
The chord shear modulus of elasticity was calculated by using
(4. 4)
applied over 2000 – 4000  shear strain range. The offset shear strength F12 was
determined from the shear stress versus shear strain curve, by translating the shear chord
modulus of elasticity line along the strain axis from the origin by 2000  and extending
this line until it intersects the stress-strain curve. The shear strength corresponds to the
intersection point is the offset shear strength. A typical shear stress-strain response of test
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is shown in Figure 4.7. The test results are presented in Table 4.10. All specimens failed
with 45° tensile cracks.
Table 4.10 In-Plane Shear Modulus and Shear Strength
t (mm)

G12 (GPa)

F12 (MPa)

Mean

1.22

2.75

23.16

COV. (%)

8.2

10.8

7.7

Figure 4.7 Typical Shear Stress-Strain Response of ±45°-tension Test
Interlaminar Shear Strength
The apparent interlaminar shear strength of unidirectional composite laminates,
UNI, was computed based on short-beam method (ASTM 2000b). According to ASTM
D2344 test procedure, twelve non-treated specimens and twelve CCA treated specimens
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were tested. Each specimen was laminated with 9 plies of unidirectional fabric
reinforcement. The recommended span to thickness ratio of 5 was adopted. For nontreated samples, 30.2mm span was used, while for CCA treated samples, 33.8mm span
was used because of the different thickness. An Instron (50kN) electric-driven testing
frame was used to apply loading with a rate of crosshead movement of 1.3 mm/min.
The breaking loads were recorded and the apparent shear strength was calculated:
(4. 5)
where, SH is shear strength F5, PB is breaking load, b and d are width and thickness of
specimen. Test results are listed in Table 4.11.
Table 4.11 Interlaminar Shear Strength
Sample

PB (N)

SH (MPa)

b (mm)

d (mm)

Mean COV.

Mean

COV.

Mean

UNI

6.39

1.0%

6.10

2.2%

1513.0 2.6%

29.2

2.2%

UNI
(CCA)

6.76

1.9%

7.06

1.7%

2316.7 4.2%

36.4

3.8%

COV.

Mean COV.

In all samples, delamination cracks were observed at one end approximately at the midplane of the laminate.

Weight Fraction
This ignition test (ASTM 2000d) was used to obtain Wf and Wm, for the
consolidated fiber reinforced composite. Three reinforcement configurations were
evaluated:[0/0/0] and [45/-45] with UNI reinforcement and 4-ply-CSM. Each
configuration has four samples. All samples were placed in crucibles and placed into a
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muffle furnace at 565C to burn out the resin. The weights of samples before ignition and
the residues after ignition were recorded. The test results are listed in Table 4.12.
Table 4.12 Weight Fractions
E-Glass / Vinyl Ester

Wf (%)

Wm (%)

Composite Configurations

Mean

COV.

Mean

COV.

[0/0/0] UNI

77.58

0.6%

22.42

2.1%

[45/-45]

72.76

0.9%

27.24

2.5%

CSM

51.06

0.9%

48.94

0.9%

The value in Table 4.12 shows the weight fraction of fiber in UNI is higher than
the weight fraction of fiber in CSM.

Discussion of CCA Treatment Effects on Mechanical Properties
The effects of CCA treatment on FRP material properties were studied by
analyzing the results from the material tests on both non-treated samples and CCA treated
samples.
Difference between the non-treated samples and CCA treated samples are shown
in Table 4.13. Bar charts for effects of CCA treatment are shown in Table 4.8, Table 4.9,
and Table 4.10. Mean value of each property is given in these figures, and the standard
deviation of each property is represented with a vertical segment.
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Table 4.13 Changes in Properties of CCA Treated Samples
E1tt

E1ct

E2tt

F1t

F1c

F2t

I.L. Shear

UNI

-0.08%

-0.85%

-6.9%

-22.1%

15.0%

-11.9%

24.8%

CSM

-6.9%

-

-

32.1%

-

-

-

Figure 4.8 Effects of CCA Treatment on the Elastic Moduli of Unidirectional Composite,
UNI
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Figure 4.9 Effects of CCA Treatment on the Strengths of Unidirectional Composite, UNI

Figure 4.10 Effects of CCA Treatment on the Material Properties of CSM
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A statistical study was conducted using the software SYSTAT (SPSS 1999). Oneway analysis of variance (ANOVA) was used to determine if CCA treatment has a
significant difference in the FRP composite properties. The p values of each test are all
reported in Table 4.14.
Table 4.14 One-way ANOVA Statistical Analysis (p value)
Elastic Properties

UNI
CSM

Strength Properties

E1tt

E1ct

E2t

F1t

F1c

F2t

0.984

0.830

0.261

0.000

0.013

0.434

0.000

(N)

(N)

(N)

(Y)

(N)

(Y)

0.086

-

-

0.000

-

-

(N)

-

(Y)

Y: significant statistical difference exists; N: no significant statistical difference exists.

The p value in Table 4.14, means there is (1-p)100 percent confidence that there
is a significant difference between the non-treated samples and CCA treated samples
(SPSS 1999). Based on 95% confident level, when

, it means that there is a

significant difference between the non-treated samples and CCA treated samples, while
when

, there is no significant difference exists between the non-treated samples

and CCA treated samples.
From the p values in Table 4.14, some conclusions can be drawn:
1. Significant differences exist in F1t, F1c, and

of non-treated and CCA treated

UNI samples. According to the values in Table 4.13, CCA treatment reduces the
F1t by 28.44%, but increases the F1c, and
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by 13.02% and 19.9% accordingly.

2. No significant difference exists between the non-treated samples and CCA treated
samples on the elastic properties of both UNI and CSM. It means CCA treatment
has no detrimental effect on the stiffness of both UNI and CSM composite
laminas.
3. Significant difference exists between the non-treated samples and CCA treated
samples on the longitudinal tensile strength, F1t, of CSM. The F1t of CCA treated
samples is 24.31% more than the result of non-treated samples.
In general, the CCA treatment did not affect the elastic properties of both UNI and CSM.
CCA treatment reduced the fiber direction tensile strength of UNI laminas. With regard
to other strength properties of UNI laminas, CCA treatment either has no effect or has no
reduction effect.

Modeling of FRP Composite Lamina
Micromechanics equations were used to predict material properties of FRP
composite laminas (Mallick 1993). Specifically, longitudinal modulus, transverse
modulus, in-plane Poisson’s ratio, and in-plane shear modulus were computed for both
UNI and CSM composite laminas The longitudinal elastic modulus of UNI composite
lamina was predicted using the rule of mixtures (ROM) formula (4.6). The transverse
elastic modulus was predicted using the semi-empirical Halpin-Tsai formula (4.7). The
in-plane Poisson’s ratio was predicted with ROM formula (4.8). The in-plane shear
modulus was predicted using Halpin-Tsai formula (4.9). These equations are based on the
fiber volume fraction Vf, which is computed based on density of constituent materials and
specified reinforcement. Correlations of calculated weight fractions, Wf, with the values
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obtained from ignition tests are shown in Table 4.15. The results indicate this method can
be used to model the mechanical properties of FRP.
(4. 6)
(4. 7)
Where,

(4. 8)
(4. 9)
Where,

Table 4.15 Correlation between Predicted and Experimental Weight Fractions, Wf
Reinforcement

UNI

CSM

Type
Layup

[0/0/0]

[45/-45]

[CSM]

(%)

(%)

(%)

Experiment

77.58

72.76

51.06

Predicted

70.50

64.60

46.60

Difference

9.1

11.2

8.7

The elastic properties of CSM composite lamina can be predicted by modeling the fibers
as randomly oriented (Barbero 1998), as follows:
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(4. 10)
(4. 11)
(4. 12)
Where, E1 and E2 are the longitudinal and transverse moduli of a fictitious unidirectional
lamina having the same volume fraction as the CSM lamina.
A lamina analysis program was implemented in a worksheet (MathSoft 2000).
The analysis for UNI and CSM composite laminas are presented in Appendix B and
Appendix C and the predicted elastic properties are listed in Table 4.16. In this table, E1t
is the elastic modulus in fiber direction predicted using the mean thickness of
unidirectional tensile test, and E1c is the elastic modulus in fiber direction predicted using
the mean thickness of unidirectional compression test
Table 4.16 Predicted Elastic Properties
E1tt

E1ct

E2tt

G12

(kN/mm) (kN/mm) (kN/mm) (GPa)
UNI

78.28

77.60

23.04

3.91

CSM

22.17

-

-

-

Correlation between Experimental and Analytical Results
The experimental results from the material tests and micromechanics predictions
are correlated in Table 4.17.
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Table 4.17 Correlation between Experimental and Micromechanics Predictions
Reinforcement

UNI

CSM

Type
Elastic
Property

E1tt

E2tt

G12

21

(kN/mm) (kN/mm) (GPa)

E1tt

12

(kN/mm)

Experiment

86.89

19.54

2.75

0.087

21.91

0.40

Analysis

78.28

23.04

3.91

0.089

22.17

0.41

Difference

11.0%

15.2%

29.7% 2.2%

1.2%

2.4%

The following findings are obtained from the correlation:
1. The micromechanics model prediction of the CSM lamina elastic properties is in
good agreement with the experimental results..
2. The micromechanics model prediction of the UNI lamina E1 and 12 is in relatively
good agreement with the experimental results.
3. The micromechanics model prediction of the UNI lamina E2 and G12 differs from
the experimental results.
4. It is speculated that the variation in thickness, void content, misalignment of fibers
during fabrication and assumed matrix properties can cause the differences observed
in E2 and G12.
Adhesive Bond Integrity under Simulated Exterior Exposure (Cyclic Delamination)
An experimental program based on a series of cycle delamination tests was
conducted to examine the FRP-wood and FRP-polymer concrete bond lines. The
experimental series examined the following parameters in the FRP composite-wood
interface: (1) The effect of a CSM layer in contact with the wood surface; (2) The effect
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of wood planning (surface refreshing); (3) The effect of water seal primer. In addition to
this the FRP-polymer concrete interface was studied.

Experimental Procedure
An accelerated exposure method was adopted to simulate long-term exterior
exposure conditions as recommended in ASTM D2559. In this research, FRP-wood
bondlines were investigated. The glulam specimens were exposed to three accelerated
environmental conditions: vacuum/pressure water saturation, oven drying and steam
exposure. The cycle delamination test consists of three hygro-thermal cycles, as specified
in ASTM D2559 test procedure. Immediately after the three hygro-thermal cycles, the
specimens are visually examined for interface delaminations. ASTM D2559 specification
requires the maximum allowable delamination to be 5% of the total bondline length for
softwoods.

Experimental Results
The total length of delamination on each end-grain surface of the specimens was
measured. Specimen pictures after cycle delamination are shown in Table 4.18.
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Table 4.18 Results of ASTM D2559 Cycle Delamination Tests
Bond Line

Image After Hygro -Thermal Cycling

Wood/FRP

Results
No delamination in
interface. Cracks only
in wood.

Wood/FRP

No delamination in

(without CSM)

interface. Cracks exist
in wood. Cracks also
exist along fiber
direction in FRP.

Wood/FRP

No delamination in

(cut from panel

interface. Cracks only

without surface

in wood.

refreshment)

FRP/wood

No delamination in

(with water

interface. Cracks only

seal primer)

in wood.

FRP/Polymer

No delamination in

Concrete

interface. Cracks only
in wood.
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Discussion of Experimental Results
1. By priming with HMR, the interface between CCA treated southern yellow pine
glulam panels and FRP composite skins meet the cycle delamination test
requirements (ASTM D2559).
2. The interface between the FRP composite skin and the polymer concrete overlay
meet the cycle delamination test requirements (ASTM D2559).
3. Adding a CSM layer in the FRP composite skin in contact with the wood surface
increased the composites strength in the direction transverse to the fibers and
prevented cracking due to hydrothermal stresses.
4. No delamination was observed in the FRP-wood interface of the specimens cut
directly from panel and the specimens planed and conditioned for 2 month before
test..
5. Water seal priming of the wood surface did not affect delaminations due to
hygrothermal cycling in the in the FRP-wood interface.

Resistance to Shear by Compression Loading
Resistance to shear by compression loading was conducted based on modifying
ASTM D905 to account for the FRP composite substrate. Actually this is a part of ASTM
D2559 The effects of the CSM layer, dry/wet condition, and water seal coating on the
shear strength were studied. Five combinations of test parameters were evaluated:
1. DRY/CSM/HMR/VE: Dry condition with CSM layer
2. DRY/VE/HMR/VE: Dry condition without CSM layer
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3. WET/CSM/HMR/VE: Wet condition with CSM layer
4. DRY/CSM/WS/HMR/VE: Dry condition with CSM layer and water seal (WS)
coating
5. WET/CSM/WS/HMR/VE: Wet condition with CSM layer and water seal (WS)
Although, shear testing by compression loading of wet (saturated) samples are not
required by ASTM D2559, this evaluation was considered important to assess exterior
use resistance and establish the effects of HMR priming (Lopez-Anido 2000).

Experimental Procedure and Results
A testing fixture required to shear the interface by compression loading was used
as per ASTM D905. Interface shear stress is achieved by applying compression force on
the self-adjusting bearing. An Instron 8801 servo-hydraulic testing frame was used to
apply load on the testing fixture with a loading rate of 5mm/minute until failure.

The average shear strength of the bonding line was obtained by dividing the
maximum compression force with the glue line area between the two laminations. The
shear strength was obtained and the failure type was also recorded.

The acceptance criteria required in ASTM D2559 for wood-to-wood bonding
using southern pine is: a) Shear Strength of 9.0 MPa for dry condition, and b) Minimum
wood failure of 75%. For the purpose of this research, the required adhesive criteria are
modified to account for the fact that one substrate is FRP composite, as follows: a) Shear
Strength of 9.0 MPa for dry condition, and b) Minimum wood failure of 50%.
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Table 4.19 Shear Strength and Wood Failure
CSM/HMR/VE

HMR/VE

CSM/WS/HMR/VE

Dry

Wet

Dry

Dry

Wet

Shear

Mean (MPa)

13.38

6.61

12.12

15.46

7.07

Strength

COV. (%)

13.6

11.4

9.5

19.0

17.3

Pass / Fail

Pass

---

Pass

Pass

---

Wood

Ave. (%)

57

69

99

30

15

Failure

COV. (%)

66.3

57.8

3.1

97.3

105.1

Pass / Fail

Pass

Pass

Pass

Fail

Fail

VE: Vinyl Ester; WS: Water Seal

Figure 4.11 Resistance to Shear by Compression Loading
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Statistical Analysis and Discussion of Experimental Results
A one-way ANOVA statistical analysis was conducted to study the effects of the
CSM layer, Dry/Wet condition and Water Seal priming.
1. Effect of the CSM layer. It was found that there is a significant statistical
difference between the DRY/CSM/HMR/VE specimens and the
DRY/VE/HMR/VE specimens (p=0.013). Adding a CSM layer can increase the
mean shear strength by 10.4%.
2. Effect of Dry/Wet condition. A significant statistical difference exists between the
DRY/CSM/HMR/VE specimens and the WET/CSM/HMR/VE specimens
(p=0.000).
3. Effect of Dry/Wet condition combined with water seal. A significant statistical
difference exists between the DRY/CSM/WS/HMR/VE specimens and the
WET/CSM/WS/HMR/VE specimens (p=0.000).
4. The mean value of shear strength of “wet” specimens is nearly 50% of the mean
value of shear strength of dry specimens. The moisture in the wood lamination
has significant effect on bonding shear strength.
5. Effect of water seal priming. A significant statistical difference exists between the
DRY/CSM/HMR/VE specimens and the DRY/CSM/WS/HMR/VE specimens
(p=0.011). The mean shear strength of samples with water seal increased 15.5%.
The statistical analysis of the adhesive shear strength is summarized in Table 4.20.
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Table 4.20 Statistical Analysis of FRP Composite bonded to Southern Yellow Pine
Effect

One-way ANOVA of Adhesive Shear Strength*
Specimens

Significant Statistical
Difference

Add CSM Layer

DRY/CSM/HMR/VE

Yes

DRY/VE/HMR/VE
Dry / Wet Condition

DRY/CSM/HMR/VE

Yes

WET/CSM/HMR/VE
Dry / Wet Condition with

DRY/CSM/WS/HMR/VE

Water Seal

WET/CSM/WS/HMR/VE

Add Water Seal

DRY/CSM/HMR/VE

Yes

Yes

DRY/CSM/WS/HMR/VE
Note: Significant Statistical Different (

)

Conclusions
Based on the research work presented in this Chapter, the following conclusions
are drawn:
1. An effective bonding interface was achieved between E-glass / Vinyl ester
composite and CCA treated southern yellow pine glulam by priming the glulam
surface with HMR.
2. A significant statistical difference between the specimens with CSM layer and the
specimens without CSM layer. Adding a CSM layer can increase the mean shear
strength by 10.4%.
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3. A significant statistical difference exists between the specimens with water seal
priming and the specimens without water seal priming. The mean shear strength
of samples with water seal increased 15.5%.
4. Material characterization and statistical analysis indicated a significant statistical
difference exists on fiber direction tensile strength of the CCA pressure treated
specimen and the non-treated specimen. CCA pressure treatment reduced the
tensile strength in fiber direction of UNI by 22.1%, and did not reduce the elastic
moduli and other strength properties. CCA pressure treatment did not reduce the
modulus and the strength of CSM in fiber direction.
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Notation
The following symbols are used in this chapter
CSM =

chopped strand mat reinforcement

UNI

=

unidirectional reinforcement

Pb

=

maximum load applied in interlaminar shear test

b

=

the width of the specimens in interlaminar shear test

d

=

the depth of the specimens in interlaminar shear test

E1t

=

elastic modulus in fiber direction obtained in longitudinal tension test
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F1t

=

tensile strength in fiber direction.

F12

=

in-plane shear strength

=

interlaminar shear strength

Wf

=

fiber weight fraction

Wm

=

matrix weight fraction

u1

=

ultimate strain in fiber direction

u2

=

ultimate strain in the direction transverse to fiber direction

Subscripts
m

=

polymer matrix

f

=

fiber
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Chapter 5
STRUCTURAL CHARACTERIZATION

Summary
The objective of the experimental study of fiber-reinforced polymer (FRP) –
glulam panels presented in this Chapter is to characterize the structural response under
simulated traffic loading. Quasi-static load and cyclic load experiments were conducted
for a set of support and loading configurations. The response of FRP-glulam panels is
correlated with glulam panels as benchmark. The experimental response of panel-topanel joint under cyclic loading was also studied. The FRP-glulam panel bending
stiffness was computed from experimental strain and deflection data. Correlations
between glulam and FRP-glulam panels are presented and the implications on design of
bridge decks are discussed. Test configurations used in this chapter is very similar to the
test configurations in chapter three, but the difference is the panel size. In chapter three,
the specimens in chapter three behaves as a beam, while the specimens in chapter five
behaves as a plate.

Materials and Fabrication Process
The glulam panels used in the structural characterization were laminated by
Sentinel Structures, a glulam fabricator from Peshtico, Wisconsin. The wood species is
Grade two or better southern yellow pine with moisture content less than 16%. The
reason why southern yellow pine not eastern hemlock was selected is the availability of
preservative treated panel in the market. The panels were CCA treated to 0.0064 gram
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/cm3 retention. E-glass/vinyl ester FRP composite skins were applied to both top and
bottom surfaces of the glulam panels by wet layup and vacuum bagging compaction at
Kenway Corp., from Augusta, Maine. The proposed layup sequence of the FRP laminate
was [CSM / 0 / 0 / 0 / CSM]. This layup was selected based on the structural
characterization of half-scale FRP-glulam panels reported in Chapter 3. Unidirectional
woven fabric reinforcement was selected as opposed to stitched fabric reinforcement to
increase the fiber content in the longitudinal direction (i.e., wood fiber direction). The
unidirectional fabric adopted, VEW260, has a weight per unite area of (880 gram/m2). In
addition, CSM mat, M113 (34 gram/m2) was used on the outer layers of the FRP
composite skin. The polymer matrix was an epoxy based vinyl ester resin, Derakane 411700PAT (Dow Chemical Co. 1999). The panel dimensions are shown in Figure 5.1.

Figure 5.1 Panel Dimensions
Since glulam panel dimensions are sensitive to moisture content changes, the panels were
measured and ambient relative humidity and temperature were monitored at Kenway Co.
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fabrication plant and at the UMaine Laboratory. The history of relative humidity and
temperature are shown in Figure 5.2 and Figure 5.3.

Figure 5.2 Ambient Temperature Variation

Figure 5.3 Ambient Relative Humidity Variation
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The history curves of ambient RH and temperature showed that after the panels
were shipped into UMaine Laboratory, in April 2001. The RH was reduced and the
temperature was increased. The dimensions of the panels were expected to change due to
hygro-thermal strains. The dimensions measured at Kenway Co. and the dimensions
measured after the panels were shipped to the Lab are given in Table 5.1. Nine panels
were measured, three of them are glulam panels, and the other six are FRP-glulam panels.
Since after being reinforced with FRP composite, the thickness of glulam core was
difficult to measure precisely, only panel width was compared here.
The reinforcement ratio corresponding to one FRP composite skin is defined as hf
/ hw. Then, the reinforcement ratio for the panels with unidirectional reinforcement results
in 1.39 %.
Table 5.1 Variation of Glulam Panel Dimensions due to RH and Temperature Changes
Panels
Glulam Panel

At Kenway Co. Plant

At UMaine Laboratory

Mean (mm) COV (%)

Mean (mm)

COV (%)

1217

0.4

1213

0.42

0.28

1218

0.3

FRP-Glulam Panel 1219

The average shrinkage of glulam panels is 0.3%, while the average shrinkage of
FRP-glulam panels is 0.1%. These values indicate that the FRP-glulam panels are more
dimensional stable than the glulam panels. To prevent relatively fast changes in moisture
content of the panels, and therefore reduce end-grain checking, the ends of the panels
were coated with vinyl ester resin.
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Experimental Plan
The experimental characterization of FRP-glulam panels was organized in seven
test series (A through F), as shown in Table 5.2.
The patch load mentioned in Table 5.2 was achieved by applying the load on a 50
mm thick 254mm  508mm steel plate. Another layer of 6 mm thick neoprene pad was
placed between the steel plate and the panel surface. This patch load was used to simulate
the tire contacting area of AASHTO HS25 truck wheel load.
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Table 5.2 Experimental Characterization Plan

Test

Structural

Series

Configuration

Objectives

Span

Applied

Length

Load

(m)

at

Instrumentation

Panel
Identification

Midspan
A

Simply

Obtain P/

supported

and bending

4.876

Transverse

LVDT

strip

Glulam panel
G1-G3,
FRP-glulam

stiffness

panel F1-F3
B

Two-span

Obtain P/

continuous

and P/

2.438

Center

LVDT and

Glulam panel

Rectangular strain gage

G1,

Patch

FRP-glulam
panel F1

C

Two-span

Obtain P/

2.438

continuous

Edge

LVDT

Glulam panel

Rectangular

G1,

Patch

FRP-glulam
panel F1

D

Simply

Obtain P/

supported

and P/

4.876

Center

LVDT and

Glulam panel

Rectangular strain gage

G1-G2,

Patch

FRP-glulam
panel F1-F2

E

Simply

Characterize 4.876

Center

supported

failure

Rectangular gage, and clip-

G3,

response

Patch

FRP-glulam

LVDT, strain
gage

Glulam panel

panel F3
F

Two-span

Evaluate

continuous

panel-to-

Rectangular fiber optic strain

panels F4-F5

panel joint

Patch

w/ Polymer

2.438

integrity

Edge

LVDT and
gage

FRP-glulam

concrete
overlay
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Load Elastic Response of Simply Supported Panel with a Transverse Strip Load –
Test Series A
To obtain the bending stiffness of glulam and FRP-Glulam panels, a three-point
bending test was conducted on glulam panels and FRP-Glulam panels.

Experimental Setup
Panels were placed on two concrete Jersey barriers, which were placed 4877mm
(18 ft) apart. Six LVDTs were used to measure deflections of the panel at selected points.
Four LVDTs were installed at both sides of the panel on the supports; the other two were
mounted on both sides of the panels at the mid-span line. The load was applied with a
servo hydraulic actuator. A C1030 double channel steel beam was placed under the load
cell to distribute the load across the panel width, in this way the load was applied on a
strip with a length of 1219 mm (4 ft) and a width of 203 mm (8 in). To protect the wood
fibers under the steel beam and attain uniform pressure, a 6mm ( in) thick neoprene pad
was used between the steel beam and the panel.

The experimental setup is shown in Figure 5.4. The proposed load configuration
results in a uniformly distributed pressure on a transverse strip across the panel width.
This type of loading bends the panel into a cylindrical surface. A longitudinal strip
removed form the panel under this type of loading and boundary condition behaves
similar to a beam (Ugural 1981).
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Figure 5.4 Experimental Setup – Test Series A

Experimental Procedure
This preliminary load test was conducted in the linear elastic range of wood. The
maximum load applied to the panel was 25 kN. The panel was loaded in position control
mode with a rate of 2.5mm/min.
The maximum deflection, , was computed as the deflection value recorded by LVDT 3
and LVDT 4 subtracted the settlement at supports, as follows.
(5. 1)
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(5. 2)

Experimental Results
Three control panels and three FRP-glulam panels were evaluated. Each panel
was loaded three times. Typical load-deflection curves for glulam and FRP-glulam panels
are shown in Figure 5.5 and Figure 5.6. The slope was obtained by linear regression
analysis at the load interval from 0 kN to 20kN. The P/ values of control glulam panels
are listed in Table 5.3. The P/ values of FRP-glulam panels are listed in Table 5.4.

Figure 5.5 Typical Load vs. Deflection Curves for Glulam Panels – Test Series A
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Figure 5.6 Typical Load vs. Deflection Curves for FRP-Glulam Panels – Test Series A

Table 5.3 Experimental Load-Deflection Ratios for Glulam Panels - Test Series A
Cycle One
P/

Cycle Two
R2

(kN/mm)
G1 LVDT 3 5.5

P/

Cycle Three
R2

(kN/mm)

P/

R2

(kN/mm)

0.9999 5.6

1

5.6

1

LVDT 4 5.4

1

5.4

1

5.4

1

G2 LVDT 3 5.4

1

5.4

1

5.4

0.9999

LVDT 4 5.3

1

5.2

1

5.3

1

G3 LVDT 3 4.5

1

4.5

0.9986 4.5

0.9986

LVDT 4 4.3

1

4.3

0.9983 4.3

0.9983

Note: Here,  is the corrected deflection.
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Table 5.4 Experimental Load-Deflection Ratios for FRP-Glulam Panels - Test Series A
Cycle One
P/

Cycle Two

R2

(kN/mm)

P/

Cycle Three

R2

(kN/mm)

R2

P/
(kN/mm)

F 1 LVDT 3

6.9

0.9999

6.9

0.9999

6.9

1

LVDT 4

6.5

1

6.5

1

6.5

1

F 2 LVDT 3

6.8

1

6.8

1

6.8

0.9999

LVDT 4

6.4

1

6.4

1

6.4

1

F 3 LVDT 3

5.5

0.9991

5.3

0.9984

5.4

0.9986

LVDT 4

5.2

0.999

5.2

0.9986

5.2

0.9987

Note: Here,  is the corrected deflection.
The results indicate that the deflection is relative uniform across the width,
therefore the average value of corrected deflections at the location of LVDT 3 and LVDT
4 were used to compute the maximum deflection. The average values of P/ are reported
in Table 5.5.
Table 5.5 Summary of Load-Deflection Ratios of Simply Supported Panels –
Test Series A

G1
5.5

G2
5.4

P/
(kN/mm)
G3
Mean
4.4
5.1

F1

F2

F3

Mean

COV

6.7

6.6

5.3

6.2

12.6%

Panel
Glulam
FRP-Glulam
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COV
11.9%

Load Response of Two-Span Continuous Panel with a Centered Patch Load – Test
Series B
Panel prototypes with a two-span continuous configuration were subjected to a
pair of central loads (e.g., five-point bending load). The two-span continuous
experimental set-up is intended to simulate the actual structural response of a deck panel
supported by stringers (i.e., regions with positive and negative bending moment), as
proposed in Chapter 3. In this test series, the load was applied at the location of the center
of the panel at each span, as shown in Figure 5.7. Glulam panel G1 and FRP-glulam
panel F1 were tested.

Experimental Setup
The panel was supported continuously by three concrete Jersey barriers. The
Jersey barriers were placed parallel to each other at a distance of 2438 mm (8 ft). To
simulate the tire loading of AASHTO HS25 (Maine DOT 1998), the load was applied as
a 254508 mm (10  20in) rectangular patch load on panel. In this setup, the distribution
beam was placed on two 50mm thick steel plates with the same area of the patch load,
and a 6 mm thick neoprene pad was placed between the steel plate and the panel. Two
patch loads were applied at the center of the panel at each midspan. A double channel
(MC 1842.7) steel beam with a length of 3048 mm (10 ft) was used to evenly distribute
the force from the actuator to two loading points. An Instron 245 kN (55 kips) load cell
was placed on the steel beam. An Instron 489 kN (110 kips) servo-hydraulic static
actuator was mounted underneath the structural floor, which was connected with the load
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cell with a 1-3/8” diameter DYWDAG threaded bar. In this setup when actuator extends
a compressive force is applied on the load cell through the threaded bar.
In this setup, fourteen LVDTs were used to collect deflections at different
locations. Six of the LVDTs were mounted on the three supports, to measure the
deflection at the supports; the other eight were mounted along the panel wide direction at
each midspan line. Three foil strain gages (CEA-06-250UW-350, from MicroMeasurements) were bonded in the region of maximum positive and negative bending
moment on the tension side of the panel (See bending moment in Figure 3.9). It is worth
noticing that, while bonding of strain gages on the FRP composite surface is typically
reliable, bonding on the wood surface may lead to inaccuracies due to the presence of
inhomogeneities. To enhance bonding and improve strain measurements, epoxy coating
was applied on the wood surface as recommended by the strain gage supplier. The Figure
5.7 shows the experimental setup for the two-span continuous panel with centered patch
load.
A data acquisition system, including computer and data acquisition card, was used
to collect data in real time. A computer program written in LabVIEW (National
Instruments Corporation 2000) was used to record the experimental data.
The tests were conducted in a position control mode, the actuator head moving
speed was 5 mm/min. The maximum load applied in this test series was 500 kN.
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Figure 5.7 Experimental Setup of Two-Span Continuous Panel – Test Series B

Experimental Results
For the two-span continuous panel, midspan deflections are corrected based on
the following equations:
(5. 3)

(5. 4)
The load vs. corrected midspan deflection curves for panels at the location of
LVDT 5 and 6 are shown in Figure 5.8 and Figure 5.9.
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Figure 5.8 Load-Maximum Deflection Curves for Glulam Panel G1 - Test Series B

Figure 5.9 Load-Maximum Deflection Curves for FRP-Glulam Panel F1 - Test Series B
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By doing the linear regression analysis of the load-maximum deflection curves
shown in the figures between 0 and 400 kN, it was found that, the load-maximum
deflection relationships are linear at that load interval. The P/ value, which is the slope
of the curve, is presented in Table 5.6.
Table 5.6 Load Deflection Computation (P/) for Glulam and FRP-Glulam Panels – Test
Series B
G1

F1

P/ (kN/mm)

R2

P/ (kN/mm)

R2

LVDT 5

102.63

0.9908

132.29

0.9808

LVDT 6

99.02

0.9883

119.8

0.9832

The relationships between applied load and the strain at three locations are
presented in Figure 5.10 and Figure 5.11. The strain shown in the figures corresponds to
the maximum negative and maximum positive bending moment.

Table 5.7 Computation of Load-Strain Ratios (P/) for Glulam and FRP-Glulam Panels –
Test Series B
Panels

G1

F1

P/ (kN/μ) R2

P/ (kN/μ) R2

SG1

0.536

0.9953

0.754

0.9917

SG2

0.674

0.9941

0.730

0.993

SG3

0.488

0.9958

0.584

0.9949
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Figure 5.10 Load-Strain Relationships for Glulam Panel G1 - Test Series B

Figure 5.11 Load-Strain Relationships for FRP-Glulam Panel F1 – Test Series B
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The maximum deflection was computed as the average value of corrected
deflections at LVDT 5 and LVDT 6. The maximum deflections for various load levels
are shown in Table 5.8. The deflection corresponding to AASHTO truckload HS20
(Maine DOT 1998) is also shown. In this table an AASHTO HS20 load level was
selected since this is the proposed design truck for service limit check on deflection.
Table 5.8 Maximum Deflections of Panels at Different Load Levels – Test Series B
Panels

AASHTO HS 20

200 kN

300 kN

400 kN

500 kN

(145 kN) (mm)

(mm)

(mm)

(mm)

(mm)

G1

1.4

1.9

2.9

3.9

5.5

F1

1.1

1.6

2.2

2.8

3.6

The maximum deflection of FRP-glulam panel was 21.4% less than glulam
control panel when AASHTO HS20 was applied.
Table 5.9 Strain Values of Panels at Different Load Levels – Test Series B
Panel
G1

F1

AAHSTO HS 25

300 kN

400 kN

500 kN

(181.5 kN) (μ)

(μ)

(μ)

(μ)

SG1

299

540

739

978

SG2

303

479

623

941

SG3

317

617

792

1006

SG1

256

416

533

693

SG2

254

419

543

709

SG3

278

521

660

842

The average strain value at the midspan of the FRP-glulam panel was 15.3% less
than the average strain value at the same location of glulam control panel when the
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AASHTO HS25 design load was applied. The strain value at FRP-glulam panel above the
interior support was 12.3% less than the strain value at the same location of glulam panel.
In this table, an AASHTO HS25 design wheel load was selected since this is the
proposed load level for the strength limit check.
The panels’ midspan section deflection curves at different load levels were
obtained by linking the modified deflections obtained by LVDTs along the midspan. The
transverse curvature for glulam and FRP-glulam panels at two load levels can be
observed from the curves in Figure 5.12. The FRP glulam panel has more uniform
deflections across the panel width resulting in less transverse curvature compared to the
glulam panel.

Figure 5.12 Deflections of Panels G1 and F1 across the Width at the Midspan Section –
Test Series B
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Load Response of Two-Span Continuous Panel with an Edge Patch Load –
Test Series C
In this case the simulated wheel load is applied on the edge of the panel. The
structural configuration is two-span continuous similar to the Test Series B. The edge
rectangular patch load provides a critical situation to assess the relative deflections
between panel joints. Two panels were tested in this series: glulam panel G1 and FRPglulam panel F1.
Experimental Setup
The experimental setup for Test Series C is very similar to the Test Series B,
except the position of patch load and the locations of some LVDTs were changed. The
experimental setup is shown in Figure 5.13.

Figure 5.13 Experimental Setup of Two-Span Continuous Panel with Edge Patch Load –
Test Series C
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Experimental Procedure
The servo hydraulic actuator applied a quasi-static load in the position control
mode with a rate of 1.5 mm/min and a maximum load of145 kN. Three quasi-static load
cycles were applied on each panel. No strain data was collected in this test setup.
Experimental Results
Mid-span deflection are corrected based on the following equations:
(5. 5)

(5. 6)

(5. 7)

(5. 8)

(5. 9)

(5. 10)

The load versus corrected maximum deflection curves are shown in Figure 5.14
and Figure 5.15. The edge deflection is the corrected deflection at LVDT 1 and LVDT 2.
The linear regression analysis was conducted at the load interval from 0 kN to 145kN.
The results of linear regression analysis are summarized in Table 5.10 and Table 5.11.
The average deflection value of LVDT 1 and LVDT 2 at different load levels are also
given in Table 5.12.
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Figure 5.14 Typical Load-Maximum Deflection Relationships for Glulam Panels – Test
Series C

Figure 5.15 Typical Load-Maximum Deflection Relationships for FRP-Glulam Panels –
Test Series C
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Table 5.10 Experimental Load-Deflection Ratios for Glulam Panel G1 – Test Series C
Cycle One

Cycle Two

Cycle Three

P/ (kN/mm)

R2

P/ (kN/mm)

R2

P/ (kN/mm)

R2

LVDT 1

50.6

0.9847

53.8

0.9871

53.4

0.9858

LVDT 2

56.9

0.9875

57.2

0.9901

59.4

0.9886

Table 5.11 Experimental results of FRP-Glulam Panel F1 – Test Series C
Cycle One

Cycle Two

Cycle Three

P/ (kN/mm)

R2

P/ (kN/mm)

R2

P/ (kN/mm)

R2

LVDT 1

59.2

0.9819

60.5

0.9820

60.3

0.9820

LVDT 2

69.3

0.9883

70.1

0.9815

70.1

0.9881

Table 5.12 Maximum Deflections of Panels at Different Load Levels – Test Series C
Panel

100 kN (mm)

AASHTO HS20
(145 kN) (mm)

G1

F1

Cycle 1

1.95

2.89

Cycle 2

2.01

2.57

Cycle 3

1.86

2.64

Ave.

1.94

2.70

Cycle 1

1.48

2.27

Cycle 2

1.61

2.39

Cycle 3

1.65

2.28

Ave.

1.58

2.30
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Figure 5.16 Deflections of Panels G1 and F1 across the Width at the Midspan Section –
Test Series C

The difference in maximum deflection between the FRP-glulam panel and the
glulam panel is 14.4% (see Table 5.12). In Figure 5.13, it is observed that the FRP glulam
panel not only has smaller maximum deflection, but also has less mean rotation across
the panel width compared to glulam panel.

Load Response of Simply Supported Panel with a Patch Load –
Test Series D
Two glulam panels (G1 and G2) and two FRP-glulam panels (F1 and F2) were
evaluated in Test Series D.
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Experimental Setup
The experimental setup for the test series D is similar to the experimental setup,
which was used in test series A. Eight LVDTs were used in this setup, four of them
mounted on the panel above two supports to measure the settlements on the supports, the
other four LVDTs were mounted along the midspan section, to obtain the midspan line
deformation curves all through the test. Two strain gages were bonded on the bottom face
of the panel. The positions of strain gages are shown in the Figure 5.17.

Figure 5.17 Experimental Setup – Test Series D
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Experimental Procedure
The servo hydraulic quasi-static actuator applied load on the panels in a position
control mode with a head-moving rate of 5 mm/min. In test series D, because of the limit
of actuator capacity, the maximum load applied was around 330 kN. Neither the glulam
panels nor the FRP-glulam panels reach the ultimate failure.

Experimental Results
The corrected deflections were computed using the following formula:
(5. 11)
The maximum deflection is the corrected deflection at LVDT 3. The maximum strain is
the average value of SG1 and SG2. The load versus maximum deflection response and
load versus maximum strain response are shown in Figure 5.18 and Figure 5.19.

Figure 5.18 Typical Load-Maximum Strain Relationships of Panels in Test Series D
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Figure 5.19 Typical Load-Maximum Deflection Relationships of Panels in Test Series D

In glulam panel G1, a load drop was observed when load reached around 270 kN.
The reason that caused this was attributed to the unevenness of supports (i.e., the heights
of Jersey barriers had a variation, and the splice of the barriers was at the center of the
panel in the transverse direction). This effect caused additional transverse moment, and
this moment caused the cracks along the longitudinal direction. After changing the
support configuration in glulam panel G2, such crack was not observed. The load drop
was not observed in glulam panel G2 also.

Linear regression analysis for the load versus deflection and load versus strain
relationships were conducted at the load interval from 0 kN to 150 kN. The results of
linear regression analysis are presented in Table 5.13 and Table 5.14.
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Table 5.13 Load-Deflection and Load-Strain Ratios for Glulam Panels – Test Series D
G1

G2
R2

Slope

R2

LVDT 3 (kN/mm) 5.2

0.9999

5.2

0.9999

SG1 (kN/μ)

0.0995

0.999

0.0995

0.9984

SG2 (kN/μ)

0.1068

0.9981

0.1045

0.9987

Slope

Table 5.14 Load-Deflection and Load-Strain Ratios for FRP-Glulam Panels –
Test Series D
F1

F2
R2

Slope

R2

LVDT 3 (kN/mm) 6.3

0.9999

6.2

0.9999

SG1 (kN/μ)

0.0967

0.9995

0.0992

0.9987

SG2 (kN/μ)

0.0941

0.999

0.1109

0.9985

Slope

The maximum deflection and maximum strain correspond to the applied
maximum load are given in Table 5.15. The values in Table 5.15, and the curves in
Figure 5.18 and Figure 5.19 indicate that, the maximum deflection in FRP-glulam panel
is about 75% of the maximum deflection in glulam panel; while the maximum strain in
FRP-glulam panel is about 96% of the maximum strain in glulam panel.
In Figure 5.20, the deflection curves of midspan section at maximum load and
AASHTO HS25 design load level are provided. From the curves, it is observed that
compared to the control glulam panel, the FRP glulam panel not only has smaller
maximum deflection, but also has less curvature due to the moment in transverse
direction.
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Table 5.15 Maximum Deflections and Strains for Glulam and FRP-Glulam Panels at an
Applied Load of 325 kN – Test Series D
Panel

Maximum Def.

Strain 1

Strain 2

Ave. Strain

(mm)

(μ)

(μ)

(μ)

G1

70.3

3348

3299

3324

G2

67.7

3583

3624

3603

F1

51.5

3547

3349

3448

F2

52.4

3021

3401

3211

Figure 5.20 Average Deflections of Panels across the Width at the Midspan Section –
Test Series D
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Failure Response of Simply Supported Panel – Test Series E
In this test series FRP-glulam panel F3 and glulam panel G3 were loaded to
failure. A servo-hydraulic actuator with a load capacity of 1334 kN (300 kips) mounted
on a large steel-loading frame was utilized.

Experimental Setup
The experimental setup for the test series E is similar to the experimental setup for
the test series D. The differences are explained here. First, a 1334 kN (300 kips) Instron
servo hydraulic quasi-static actuator mounted on a large steel loading-frame was used to
apply the load on the panels, instead of using the smaller 489 kN (110 kips) quasi-static
actuator and DYWDAG threaded bar. Second, two clip-gages were used on the glulam
panel G3, one of them was mounted at the center of midspan line on the bottom surface
in the longitudinal direction, the other was mounted at one end of the midspan line on the
bottom surface in the longitudinal direction. On the FRP-glulam panel F3, three
conventional foil strain gages were used, one was bonded at the center of the midspan
line, and the other two were bonded at both ends of the midspan line. All strain gages
were bonded on the bottom face in the longitudinal direction. The location of the LVDTs
is identical to the location shown in Test Series D. The experimental setup is shown in
Figure 5.21.
The servo hydraulic quasi-static actuator applied a vertical monotonic load on the
panels in a position control mode with a head-moving rate of 5 mm/min.
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Figure 5.21 Experimental Setup – Test Series E

Experimental Results
The corrected deflections were obtained using equation (5. 11). The maximum
deflection in this test is the corrected deflection at LVDT 3. The maximum strain is the
value measured by the strain gages at the center of the panel. In the test of the control
glulam panel, the clip-gage mounted at the center of panel bounced off from the panel
during the test, therefore strain values at center were not available. However, the
maximum strain at the FRP-glulam panel was available from conventional foil gages.
The load versus maximum deflection curves and the load versus strain curves are given in
Figure 5.22 and Figure 5.23.
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Figure 5.22 Load-Maximum Deflection Curves for Panels – Test Series E

Figure 5.23 Load-Strain Curves for Glulam and FRP-Glulam Panels – Test Series E
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In the failure test of the glulam panel, a linear relationship was observed in both
load-deflection and load-strain curves in the initial range. When the load reached 180 kN,
cracks began to develop. After this event, the cracks developed with the increase of the
applied load. When load reached 313.7 kN, large cracks due to the bending moment in
the transverse direction occurred all through the panel in the longitudinal direction, as
shown in Figure 5.24 (a). From the edge of the panel, it was found that the crack
extended from the top to the bottom in an approximate angle of 45 degree, see Figure
5.24 (b). After the large longitudinal crack occurred, the panel was split in two portions;
one is the portion where the rectangular patch load was applied directly. The applied load
was transferred to the other separated panel portion along the longitudinal crack section.
This resulted in torsional cracks that occurred on the top face of the glulam panel, as
shown in Figure 5.24 (c). Finally, when the load reached 352.3 kN, the portion in contact
with the rectangular patch load was completely failed due to bending. Final tension
cracks occurred at the bottom of the glulam panel, as shown in Figure 5.24 (d).
In the failure test of FRP-Glulam panel F3, a different structural response was
observed compared to the behavior of control glulam panel G3. In the initial stage of the
test, the FRP-glulam panel also behaved linear elastically. When the applied load reached
374 kN, the first FRP composite skin local buckling occurred on the top face at one end
of the midspan line, see Figure 5.25 (a).
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(a) Longitudinal Crack

(b) Crack Extension in Thickness

(c) Torsion Cracks

(d) Final Bending Cracks

Figure 5.24 Failure Mechanism of Glulam Panel G3 – Test Series E
When the load increased to 391 kN, FRP composite skin buckling happened at the
center of the midspan line, see Figure 5.25 (b). After this, FRP composite skin buckling
developed to the other end of the midspan section, when load reached 427.23 kN see
Figure 5.25 (c). At this time, the top FRP composite skin along the midspan line was
completely buckled. Finally, when the load reached 478 kN, bending failure happened,
tension cracks occurred at the bottom of the glulam panel at the midspan accompanying
with bottom FRP composite skin delamination, see Figure 5.25 (d).
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(a) First FRP Buckling

(b) FRP Buckling at Center

(c) FRP Buckling Cross the Panel

(d) Tension Cracks in Glulam and FRP
Skin Delamination

Figure 5.25 Failure Mechanism of FRP-Glulam Panel F3 – Test Series E

A linear regression analysis was also conducted on load versus maximum
deflection and load versus maximum strain relationships of control glulam panel G3 and
FRP-glulam panel F3. The analysis was conducted for the load interval from 0 kN to 200
kN. The results are shown in Table 5.16.

141

Table 5.16 Linear Regression Analysis Results of Glulam and FRP-Glulam Panels – Test
Series E
G3

Panels

F3

Slope

R2

Slope

R2

LVDT 3 (kN/mm)

4.5

0.9999

5.1

0.999

Max. Strain (kN/μ)

N/A

N/A

0.0908

0.9989

Computation of Bending Stiffness (EI)
The maximum deflection of a simply supported beam under a concentrated load,
accounting for bending and shear deflection components, is computed as:
(5. 12)
where fs = 12. For the simply-supported structural configurations (Test Series A, D and
E), the glulam panel span-to-depth-ratio, L/hw, is approximately 22.6. Therefore, the
deflection component due to shear can be neglected, and the panel bending stiffness,
, is approximated as
(5. 13)
The load-deflection ratio

was reported by conducting a linear regression

analysis of experimental results at specific load intervals. The average values of the
bending stiffness of each panel are reported in Table 5.17.
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Table 5.17 Bending Stiffness of Simply-Supported Panels based on Deflections – Test
Series A
(kNm2)

Panel
Glulam

G1

G2

G3

Mean

COV

1.33104 1.30104 1.06104 1.23104 11.9%
FRP-Glulam F1

F2

F3

Mean

COV

1.62104 1.59104 1.28104 1.50104 12.6%

From the results shown in Table 5.17, it is observed that the average bending
stiffness of FRP-glulam panels increased by 22 % with respect to the control glulam
panels.
The apparent modulus of elasticity of the glulam panels,
dividing the EI by the moment of inertia Iw (

, was obtained by

=12.02 GPa). Then, the bending stiffness

of the FRP-glulam panel was computed as which is the similar to the equation in chapter
three.

(5. 14)
where,

was obtained from material characterization experiments of the FRP

composite, (

= 43.44 GPa). The average thickness of the FRP composite skin, hf,

equals 2 mm, which come form the material characterization tests. Then, the predicted
bending stiffness of the FRP-glulam panel results EI = 1.49104 kNm2, which correlates
well with the mean value computed from the experiments in Table 5.18 (EI =1.50104
kNm2). The longitudinal strain (x-direction) based on linear beam theory is:
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(5. 15)
If Mx is the maximum bending moment and z is the distance to the exterior tensile
face, equation (5. 15) predicts the maximum longitudinal tensile strain in the cross, is obtained for zt

section. For glulam panels the maximum longitudinal tensile strain,

= hw/2, while for FRP-glulam panels for zt = (hw+hf)/2. Therefore, the bending stiffness
of the panels is also computed from strain-moment equation (5. 15) as:
(5. 16)
Equation (5. 16) was applied to simply supported panels in Test Series A, D and
E, where the maximum positive moment equals PL/4. The mean value of bending
stiffness

and

for the test series is reported in Table 5.18.

Table 5.18 Bending Stiffness of Simply Supported Panels - Test Series A, D, and E
Test Series

Glulam Panel

FRP-Glulam Panel

G1

G2

G3

F1

F2

F3

5.5

5.4

4.4

6.7

6.6

5.3

1.33

1.30

1.06

1.62

1.59

1.28

D P/(kN/mm)

5.2

5.2

4.5

6.3

6.2

5.1

&

1.26

1.26

1.09

1.52

1.50

1.23

A P/ (kN/mm)
(104 kNmm2)

E

(104 kNmm2)
P/ (kN/μ)
(104 kNmm2)

0.1032 0.102 N/A 0.0954 0.1051 0.0908
1.36

1.34

144

N/A

1.29

1.42

1.23

Equation (5. 16) was also applied to two-span continuous panels in Test Series B
and C. For the two-span continuous panels, both sections with maximum positive and
maximum negative bending moment were considered. The maximum positive moment is
5PL/64, and the maximum negative moment is 3PL/32. The mean value of bending
for the test series is reported in Table 5.19. In the bending stiffness

stiffness

computation, Table 5.19, + corresponds to the strain due to maximum positive moment,
- corresponds to the strain due to maximum negative moment.

Table 5.19 Bending Stiffness of Two-Span Continuous Panels - Test Series B & C
Test Series
B

Glulam Panel

FRP-glulam Panel

G1

F1

P/ (kN/mm)

100.8

126

P/+ (kN/μ)

0.605

0.740

1.21104

1.57104

0.488

0.584

1.20104

1.48104

55.2

64.9

( kNmm2)
P/- (kN/μ)
(kNmm2)
C

P/ (kN/mm)

In Table 5.19, since the panel’s span-thickness ratio is approximately 11, the
deflection due to shear cannot be neglected. The shear deflection component can be
computed based on the shear modulus of the wood glulam and FRP skin with the
corresponding shear correction factor, as shown in Chapter 3.
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Discussion on Equivalent Strip Width
The equivalent strip design method is a simplified bridge deck analysis and design
method (AASHTO 1998). The equivalent strip method is currently used in glulam bridge
deck design. In this method, a deck panel is modeled as an idealized beam or strip with
an effective width be. The wheel load is assumed uniformly distributed across the strip
width. The maximum deflection (peak) on the deck panel with the actual width b is
equated to the uniform deflection of the idealized strip with the equivalent width

.

Since the bending stiffness of panel, EI, is proportional to the width b (See equation (5.
14)), then the deflection computation for the idealized strip (right-side term) is equated to
the actual panel deflection (left-side term), as follows:

(5. 17)

From equation (5. 17) the effective width based on maximum deflections is computed as:
(5. 18)
Similarly, the maximum longitudinal strain on the FRP-glulam deck panel with
the actual width b is equated to the uniform longitudinal strain of the idealized strip with
the equivalent width

.

(5. 19)

From equation (5. 19) the effective width based on maximum strains is computed as
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(5. 20)
Using equations (5. 13) and (5. 16) the P/ and P/ values from the linear regression
analysis of experimental data,

and

5.19; The effective width ratios

were computed in Table 5.18 and Table

and

are the percentage of the panel width that

contributes to the effective bending stiffness under a simulated wheel load. Therefore, the
effective width ratios range from 0 to 1. If the ratio is greater than 1, then it is set as 1 and
indicates that the full panel width is effective. The values of effective width ratio based
on strain and deflection for simply supported panels are reported in Table 5.20. The
values of effective width ratio based on strain for the panels in two-span continuous
panels are given in Table 5.21.
Table 5.20 Effective Width Ratios for Simply Supported Panels – Test Series D & E
Glulam Panel

FRP-glulam Panel

G1

G2

G3

F1

F2

F3

(%)

94.7

97.0

100

93.8

94.3

96.1

(%)

1

1

N/A

79.7

89.3

96.1
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Table 5.21 Equivalent Strip Width for Two-Span Continuous Panels – Test Series B
Glulam Panel

FRP-glulam Panel

Difference

G1

F1

(%)

91.7

97.0

5.7%

(%)

90.2

91.4

1.3%

One-way ANOVA statistical analysis was conducted to study if there is any
significant difference in

based on deflection between glulam panels and FRP-glulam

panels. The p-value equals to 0.2155. The p-value means the percentage of confidence
that the conclusion there is a significant statistical difference between samples is wrong.
Usually, when the p-value is larger than 0.05, which means there is no significant
difference exist. Here, in this case, there is no significant difference exist in

based on

deflection between glulam panels and FRP-glulam panel. Due to the vacancy of the data
in G3, the statistical analysis cannot be done on the equivalent strip width based on strain.
The difference between the glulam panel and the FRP-glulam panel on

is explained

based on the variability of the strain data recorded during the bending test. The effective
strip ratios based on strains reported in Table 5.21 indicate that there is not a significant
difference between FRP-glulam panels and glulam panels.
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Panel-to-Panel Joint Evaluation – Test Series F
In the non-interconnected bridge deck system the relative deflection between
adjacent panels may control the design. An important feature of a panel-to-panel joint is
its capacity to resist cyclic traffic loading without damage of the asphalt wearing surface.
The behavior of control a glulam panel and an FRP-Glulam panel when simulated wheel
load is acting on the edge was studied by conducting two-span continuous bending test. A
rectangular patch load to simulate AASHTO HS25 was applied at the edge of each
midspan. In a prior research work 90,000 load cycles were proposed to assess panel-topanel joints (Weyers and Loferski 2001). In this section, the proposed panel-to-panel
joint was evaluated by applying 90,000 cycles of a simulated AASHTO HS25 wheel load
on one side of the joint.

Panel-to-Panel Joint Configuration
The proposed panel-to-panel joint evaluated is shown in Figure 5.26. The filler material
used here is a high-solid, polyurethane, liquid chemical grout (Sika Corporation 1998).
This filler material expands up to 20 times when reacting with moisture. An elastomeric
membrane (C.I.M. Industries Inc. 1994) was applied on the joint. The membrane is
applied as a liquid urethane coating, which cures in hours to form a tough elastomeric
membrane. Which can be handled in 6 hours and placed into service within 24 hours
(C.I.M. Industries Inc. 1994). The proposed joint gap, 5mm (0.25-in), is standard for
glulam deck panels.

149

Figure 5.26 Panel-to-Panel Joint Configuration
Experimental Setup
The experimental setup used here is very similar to the setup in Test Series C, the
only difference is, in this test, two FRP-Glulam panels with polymer concrete wearing
surface were placed side by side, and connected by a proposed deck-to-deck joint system.
Polymer concrete is a two-component, high-strength stress relieving epoxy binder with
concrete aggregate. Polymer concrete is used for sealing and restoring bridge decks and
other pavements (TRANSPO Industries 2000). Four LVDTs were used in this test. At the
midspan line of each span, two LVDTs were mounted on both sides of the joint, to
measure the deflection. One fiber optic sensor strain gage was mounted at the surface of
the top FRP skin before Polymer Concrete wearing surface was applied. The
experimental setup is shown in Figure 5.27. The locations of the LVDTs and fiber optic
sensors are shown in Figure 5.28.
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Figure 5.27 Experimental Setup for Test Series F

Figure 5.28 Locations of LVDTs and SG in Test Series F

Experimental Procedure
First, quasi-static load was applied from 0 to 181.25 kN (HS25) in load control
mode. The maximum relative deflection between two panels was recorded by LVDTs at
each midspan point. Then, 90,000 loading cycles were applied in load control mode. The
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minimum and maximum load limit in experiment is 8.76 kN (5 % of AASHTO HS 25)
and 181.25 kN (AASHTO HS25). The load was applied with a frequency of 0.5 Hz.

Experimental Results
In the quasi-static test, the relative deflection between two panels at each midspan
was obtained by computing the difference between the two adjacent LVDTs.
Table 5.22 Experimental Deflections and Strains corresponding to HS25 Design Load Test Series F
Load Cycle

Initial cycle

Relative Def. @

Relative Def. @

midspan 1

midspan 2

(mm)

(mm)

1.33

0.84

Maximum Strain

290

After 90,000 loading cycles, no tearing and punching was observed in the
membrane. No damage observed in whole panel joint system.

Conclusions
Based on the research work presented in this chapter, the following conclusions
are drawn:
1. A two-span continuous bending test protocol is recommended to characterize the
stiffness and strength response of FRP-glulam panels under simulated traffic
loads.
2. A methodology was introduced to determine the effective strip width of FRPglulam panel. Experimental results indicate the effective strip width of FRP152

glulam is very similar to the strip width of glulam panel. Therefore the criteria
used in Timber Bridge Design Manual for glulam bridge deck can be used for
FRP-glulam bridge deck.
3. The integrity of proposed deck-to-deck joint system was proved by experimental
results.
4. The failure process of FRP-glulam deck is different with the failure process of
glulam deck. Because of the existence of FRP reinforcement, the premature
failure in transverse direction due to bending was avoided.
5. FRP-glulam deck showed higher strength and more ductile behavior in
experiments. At the same time, FRP-glulam deck showed higher dimensional
stability than glulam panel.
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Notation
The following symbols are used in this chapter
EI

=

bending stiffness of the deck panel computed based on lamination
Analysis

=

bending stiffness of the deck panel under a uniform strip load based on
P/ ratio

=

bending stiffness of the deck panel under a rectangular patch load based
on P/ ratio

=

bending stiffness of the deck panel under a uniform strip load based on
P/ ratio

=

bending stiffness of the deck panel under a rectangular patch load based
on P/ ratio

hw

=

thickness of glulam

hf

=

thickness of FRP reinforcement

b

=

panel width
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=

effective width of panel under a rectangular patch load based on P/ ratio

=

effective width of panel under a rectangular patch load based on P/ ratio

Subscripts
w

=

wood glulam

f

=

FRP composite skin
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Chapter 6
FINITE ELEMENT ANALYSIS OF STRUCTURAL PANELS

Summary
The objective of this chapter is to model the quasi-static structural tests of FRPglulam panels and glulam panels using linear Finite Element Analysis (FEA). Numerical
predictions of strains and deflections were correlated to the experimental results.

Element Type
FRP-glulam and glulam panels with the same dimensions as the laboratory test
specimens were modeled using a layered shell element called SHELL99 (ANSYS 2001).
This is an eight-node layered shell element with six degrees of freedom at each node:
translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z
axes. This element can model up to 250 layers. The use of the SHELL99 element requires
several assumptions and restrictions. All nodes are assumed to be at the mid-thickness of
the element. No slip is assumed between the element layers. Shear deflections are
included in the element. However, normals to the center plane before deformation are
assumed to remain straight after deformation. Stress varies linearly through the thickness
of each layer. Interlaminar transverse shear stresses are computed at the centroid and are
not valid along the element boundaries, except by extrapolation. They are based on the
assumption that no shear is carried at the top and bottom surfaces of an element (ANSYS
2001).
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Figure 6.1 Element Type (ANSYS 2001)

Material Properties
Glulam
The Loblolly pine, one of the representative pine species that make southern
yellow pine, was considered to obtain elastic properties. From the wood handbook (FPL
1999), the elastic properties of Loblolly are: ET/EL = 0.078, ER/EL = 0.113, GLR/EL =
0.082, GLT/EL = 0.081, GRT/EL = 0.168, LR = 0.328, LT = 0.292, RT = 0.328.
In the FEA model, the x-axis is the L-axis in wood, the y-axis is the R-axis in
wood, and the z-axis is the T-axis in wood. If the glulam panel was assumed to be
transversely isotropic, then Ex = EL, Ey = Ez = (ER + ET)/2, Gyz = GRT, Gxz = Gxy = (GLR +
GLT) / 2, yz = RT, xz = xy = ( LR + LT )/2. The value of EL was obtained from the
experimental results of test series A in Chapter Five. The calculated properties for
southern pine glulam are listed in Table 6.1.
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FRP Composite
The FRP composite skin is made of three plies of unidirectional E-glass fabric
reinforcement, VEW260, and two plies of chopped strand mat (CSM) on both top and
bottom faces. The properties of composite laminas with VEW260 and CSM
reinforcement were obtained from material tests in Chapter Four, which are listed in
Table 6.1. The thickness corresponding to three plies with VEW260 reinforcement is 2
mm; the thickness of one ply with CSM reinforcement is 0.5 mm. The lamina with
unidirectional fabric reinforcement was modeled as an orthotropic material, and the
lamina with CSM reinforcement was modeled as an isotropic material.
Table 6.1 Material Properties Used in Finite Element Analysis
Materials

E (GPa)

G (GPa)

Poisson’s Ratio

Southern Pine

Ex = 12.91

Gyz = 0.168

yz = 0.382

Ey = Ez = 1.235

Gxz = Gxy = 1.055

xz = xy = 0.31

CSM

E = 10.96

G = 3.91

 = 0.4

UNI

Ex = 43.44

Gxy = 2.75

xy = 0.297

Ey = 9.77

Gxz = 2.75

xz = 0.297

Ez = 9.77

Gyz = 1.23

yz = 0.38

Boundary Conditions
The boundary conditions for the panels in the simply support test, the two-span
continuous support test with center load, and the two-span continuous support test with
edge load, are shown in next figures. The direction of the z-axis is out of the page.
Because the element nodes of Shell99 are located at the mid-thickness, the patch load
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applied on the top face of glulam panels was distributed to the mid-thickness plane with a
45° angle (Ritter). For the cases when the patch load was applied at the center, the
dimensions of the patch load at the mid-thickness plane were: a1 = a0 + h and b1 = b0 + h.
For the case when patch load was applied at the edge of the panel, the dimensions of the
patch load at mid-thickness plane were: a2 = a0 + h and b2 = b0 + h/2, where, a0 = 254
mm, b0 = 508 mm, and h is the thickness of the panel.

(a) Two-span Continuous with Center Load (b) Two-span Continuous with Edge Load

(c) Simply Support with Center Load
Figure 6.2 Boundary Conditions of Loaded Panels
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Panel Meshing and Convergence Study
The automatic area mesh function in ANSYS 5.7 was used. The mesh
convergence study for each panel was conducted. The panels in the two-span continuous
test with a center load and the simply supported test consisting of nine rectangular, each
rectangular was meshed into 88, 1212, and 1616 divisions. The panels in two-span
continuous test with edge load consist of six rectangular, for each rectangular, it was
meshed into 66, 1010, and 1414 divisions. The mesh convergence curves are shown
in Figures 6.3, 6.4, and 6.5. Based on the results of mesh convergence, 1616 divisions
were used for the panels in the two-span continuous test with a center load and simply
supported test. However, 1414 divisions were used for the panels in the two-span
continuous test with an edge load.

Figure 6.3 Mesh Convergence for Panels in Two-span Continuous Test with Center
Load
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Figure 6.4 Mesh Convergence for Panels in Two-span Continuous Test with Edge Load

Figure 6.5 Mesh Convergence for Panels in Simply Supported Test
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Correlation between Numerical and Experimental Results
A finite element analysis has been conducted for the panels in the two-span
continuous test with a center load and edge load. Meanwhile the panel in the simply
supported test with a center load has been analyzed.
For the two-span continuous panels with center loads, AASHTO HS25 (Maine
DOT 1998) (90.63 kN) was considered. For the two-span continuous panels with edge
load, AASHTO HS20 (Maine DOT 1998) (72.5 kN) was considered. To simulate the real
condition, these loads were applied on the panels as a uniform pressure over the patch
area. For the two-span continuous panels with center loads and the simply supported
panels, 266,325 Pa pressure was applied over the patch area. For the two-span continuous
panels with edge loads, 276,625 Pa was applied over the patch area. The correlations
between analytical and experimental data are shown in Tables 6.2 and 6.3.
Table 6.2 Numerical and Experimental Results Correlation for Two-Span Continuous
Support Panels
Panel

Glulam
Panel

Load at Center

Load at Edge

Max.  x
(μ)

Deflection
(mm)

Deflection
(mm)

Experimental

309

1.7

2.7

Numerical

286

1.35

2.2

Difference

-7.4 %

-20.6 %

-18.5 %

251

1.4

2.3

Numerical

233

1.1

1.8

Difference

-7.2 %

-21.4 %

-21.7 %

FRP-Glulam Experimental
Panel
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Table 6.3 Numerical and Experimental Results Correlation for the Simply Support
Panels
Panel

Max.  x
(μ)

Max.  y
(μ)

Deflection
(mm)

Glulam Panel Experimental

922

N/A

17.86

Numerical

886.6

264.9

16.95

Difference

-3.7 %

N/A

-5.1 %

Experimental

956.7

N/A

14.79

Numerical

740.8

114.8

13.91

Difference

-22.6 %

N/A

-5.9 %

FRP-Glulam
Panel

The deflection curves at the midspan section obtained by finite element analysis
were compared to experimental data, as shown in the following figure.

Figure 6.6 Midspan Section Deflection Curves Correlation in Test Series B
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Figure 6.7 Midspan Section Deflection Curves Correlation in Test Series C

Figure 6.8 Midspan Section Deflection Curves Correlation in Test Series E
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Conclusions
Based on the FEA predictions provided in this chapter, modeling FRP-glulam
panels and glulam panels with linear layered shell elements resulted in more accurate
predictions of strains than deflections for the two-span continuous panel configuration.
Several factors can be attributed to the difference between numerical and experimental
results, (1) The support boundary conditions in the test were not ideal, which could
influence the results. (2) The elastic properties used in the model were obtained from
references, which may be different from the actual properties of the glulam panels tested.
When the FEA model was applied to predict strains in the simply supported panel
configuration, better correlations with the experimental results were obtained for the
glulam panels than for the FRP-glulam panels. On the other hand, when the FEA model
was applied to predict deflections in the simply supported panel configuration, good
correlations were observed for both the FRP-glulam and glulam panel.
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Chapter 7
FRP-GLULAM BRIDGE DECK DESIGN

Objectives
The objective of this chapter is to present a practical design method for FRPGlulam bridge decks. The proposed approach is based on modifying the design method
given in the Timber Bridge Design Manual (Ritter 1992) according to findings from
laboratory experiments and finite element analyses. Furthermore, the design method was
updated to encompass LRFD design methodology based on the LRFD Bridge Design
Specifications (AASHTO 1998). A step-by-step worksheet for the structural design of
FRP-glulam bridge decks design is also provided in Appendix D. Finally, the deck-togirder connection detail is introduced.

Design Procedure
The equivalent strip design method is used for FRP-Glulam bridge deck design.
The deck panel is designed using the equivalent width strip assuming the wheel
distributes uniformly over the width of the strip. The design method assumes the panels
act as a simple span between girders. Only the stresses occurring in the direction parallel
to the span are considered in design. The deck is designed for bending, and checked for
shear and deflection. In addition to checking the panel as a simple span beam, the
overhang is checked as a cantilever off the exterior girder. The design procedure is
presented in the following sections.
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Step 1. Define Material Properties
The material properties include the properties of the glulam panel, properties for
FRP reinforcement, and wearing surface.
Glulam Panel. The properties of glulam panel include the dimensions of the panel, the
strengths of the panels, and the density of the panel. The panel’s dimensions and densities
are easy to obtain, either from the fabricator or other references directly. The base
strength properties of panels can be obtained from references, and by multiplying the
base strengths with the modification factors. Those factors include the moisture content
effect factor CM, the size effect factor CF and the deck factor CD. The nominal strengths
of glulam panel consider all CM, CF and CD modification factors. The nominal modulus
only considers the moisture content effect factor CM. Equation 8.4.4.1-1 and 8.4.4.1-2 in
(AASHTO 1998) was used to calculate the design properties of glulam.
FRP Reinforcement. The properties for the composite laminas were obtained from the
material characterization tests in chapter four. The modulus of FRP composite can be
computed as:

(7. 1)

where, ti is the thickness of the ith laminar; Efi is the modulus of the ith laminar.

Step 2. Define Deck Panel Dimensions and Design Loads
Deck Dimensions. The length of deck panel is determined by the bridge geometry, i.e.
the facia to facia dimension. The width of deck panel is determined as a multiple of the
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bridge length and by the available sizes of glulam beams that glulam fabricators can
make. The deck thickness is dependent upon the load and girder spacing. A trial thickness
can be assumed for initial design.
Design Loads. The design loads consist of dead loads and live loads. According to
AASHTO LRFD design specification (1998), two applicable load combinations,
STRENGTH I and SERVICE I are considered. STRENGTH I is used to check the
bending stress and shear stress, and SERVICE I is used to check the live load deflection.
Dead Loads. The dead load includes the gravity loads of glulam deck, FRP skins,
wearing surface, and bridge rail system. The dead loads and load factors are defined in
the LRFD Bridge Design Specifications (AASHTO 1998). For this case, the weight of the
6.4 mm layer of polymer concrete on FRP-glulam panel is 1.91 kN/m2.
Live Loads. In the AASHTO LRFD design specifications, the base live load
consists of an HL-93 design vehicle and a lane load. Other loading consists of the design
tandem and the truck train. However, only the live load truck was considered in Timber
Bridge Manual. To be consistent with the Timber Bridge Manual, only truck live load
was considered for the design of noninterconnected deck in transverse direction. The
MDOT requires a modified HL-93 truck for the Strength I case which is equivalent to an
HS 25 and an HL-93 truck for Service I which is equivalent to an HS 20 truck (Maine
DOT 1998). HS 25 and HS 20 truckloads were defined in former AASHTO design
specification (AASHTO 1996). The truckload is multiplied by the impact factor, IM, to
consider the effects of dynamic loads. The AASHTO LRFD Specification defines impact
as 16.5 % for wood components. So, a 72.5 kN wheel load was used to check the service
limit, and 90.625 kN wheel load was used to check the strength limit.
168

Importance Factors. MDOT (Maine DOT 1998) requires an importance factor of
1.0 for the load combination except for extraordinary bridges (1.05).
Resistance Factors. AASHTO LRFD specifies a resistance factor for bending of
0.85 (b) and a resistance factor for shear of 0.75 (s).

Step 3. Define the Effective Deck Span and Equivalent Strip Width
Effective Deck Span. There is no recommendation on defining the effective deck span in
the AASHTO LRFD specification. Thus, the criteria defined in Ritter’s Timber Bridge
Manual are used. Ritter (Ritter 1992) defines the effective span, which is the smaller one
of the net span plus half width of girder flange and the net span plus the deck panel
thickness.
(7. 2)
Equivalent Strip Width. After analysis of the structural test results, it was found that
there is no significant difference existing in equivalent strip width between the FRPglulam panels and the glulam panels. So, Ritter’s method used in the Timber Bridge
Design Manual can also be used for the FRP-Glulam panel. It is assumed that the wheel
load distributes from the top face of the panel to the center of the glulam section at a 45degree angle. To determine the equivalent strip width, the tire contact area should be
determined first. AASHTO LRFD Specification provides a formula to calculate the tire
contact area Refer to the section of the LRFD code. Because different wheel loads are
used for the strength limit state and the service limit state, the wheel contact areas for the
different load combinations are calculated separately. The length of the wheel contact,
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bpSER/STR, which is in the direction parallel to traffic, can be computed using equation
3.6.1.2.5-1 in AASHTO LRFD Specification. Then equivalent strip width can be
calculated as shown in (7.3). At the same time, the calculated equivalent strip width
should not larger than the deck panel width. After determining the equivalent strip width,
the section properties can be calculated using equation (7.4).
;

(7. 3)

Where, LL is the live load factor, which equals 1.75 for STRENGTH and 1.0 for
SERVICE; h is the thickness of the panel.
(7. 4)

Step 4. Calculate the Bending Moment and Shear Force
Bending Moment. The panel was modeled as a set of single span, simply supported
beams. The bending moment consists of the live load moment and the dead load moment.
The dead load is assumed to be uniformly distributed over the effective span. The live
load moment was computed based on the assumption that a uniform wheel load was
placed at the center of the effective span. A continuity factor of 0.8 was used when the
number of deck spans was greater than two, to account for the continuity of the deck over
the supporting girders.
(7. 5)

(7. 6)
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Where, DL is the dead load factor, which equals 1.25 for the glulam cores and
FRP faces skins and 1.5 for wearing surface, and polymer concrete. The nominal moment
capacity can be calculated as:
(7. 7)

The bending moment should be check using:
; b = 0.85

(7. 8)

Shear Force. The shear force is evaluated at a distance away from the support equal to
the deck thickness.
(7. 9)

(7. 10)
The nominal shear capacity can be calculated as:
(7. 11)
The bending moment should be checked using:
; s = 0.75

(7. 12)

Step 5. Check Live Load Deflection
SERVICE I limit state load combination is used to check the live load deflection.
The deck is modeled as a simply supported beam with the equivalent strip width. As
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previously mentioned, an HS20 wheel load is used to determine the equivalent strip width
for live load deflection. The Second Moment-Area Theory is used to calculate the
maximum deflection. The deflection is calculated as:

(7. 13)

According to the AASHTO LRFD specification, 2.5 mm is the deflection limit for
wood construction. Another deflection limit widely used in glulam deck design is the
value of effective span divided by 500. In this design, both criteria were adopted. The
allowable deflection was the lesser of the two values. Here, a continuity factor of 0.8 was
also considered when the number of deck span is greater than two.
(7. 14)

Step 6. Check Overhang Negative Moment and Shear
The deck overhang is modeled as a cantilever beam over the exterior beam with
the equivalent strip width. The moment and shear check for overhang is very similar to
the design procedure for interior panels. The only difference is the load configuration. In
overhang moments and shear checks, the railing system dead load should be considered.
The position of the wheel load is defined both in (AASHTO 1998) and (Ritter 1992). The
wheel load should be placed such that there is 300 mm clear distance between the curb
and wheel load. The location of the sections that should be checked for moment and shear
were also specified in (Ritter 1992).
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Design of Skidmore Bridge FRP-Glulam Deck
Skidmore Bridge is the first bridge in the state of Maine using this FRP-glulam
deck. The clear span of Skidmore Bridge is 18.3 m. The width of the bridge deck is 7.2
m. The girder spacing is 1826 mm (6’). The transverse section of the Skidmore Bridge
superstructure is shown in Figure 7.1.

Figure 7.1 Transverse Section of Superstructure in Skidmore Bridge

The design of FRP-glulam deck for Skidmore bridge was performed following the
processes presented in the former section. The design results are summarized in Table
7.1. Figure 7.2 shows the location of the sections at deck overhang that need to be
checked. The results of design indicate that the live load deflection controlled the design.
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Table 7.1 Design Results
Item

STRENGTH I
Design

Required

Safety

Value

Value

Factor

Interior

M (kNm)

116.23

51.79

2.24

Span

V (kN)

276.84

133.62

2.07

Deck

M (kNm)

116.23

30.5

3.81

276.84

73.37

3.77

Overhang V (kN)
Item

SERVICE I

Live Load Def. (mm)

Limit

Design

Safety

Value

Value

Factor

2.5

1.87

1.34

Figure 7.2 Check of Bridge Overhang
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Deck-to-girder Connection Design
There are several standard deck-to-girder details existing for glulam deck
construction. After discussing with MDOT engineers, the deck-to-girder connection
shown in Figure 7.3 was selected.

Figure 7.3 Detail of Deck-to-Girder Connection (AITC 1999)

Conclusions
A practical design method based on existing specifications and guidelines was
developed and applied to design the Skidmore Bridge deck. The FRP-glulam bridge deck
design indicates that the live load deflection is the control condition. The conclusions of
the work presented in this chapter are:
1. FRP-glulam decks can be designed by modifying the design methodology for
glulam decks from the Timber Design Manual.
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2. The design equations are based on the linear elastic response of glulam wood.
This is a conservative approach that neglects the additional non-linear bendingmoment capacity of FRP-glulam panels.
3. A step-by-step design procedure was proposed to verify FRP-glulam panel crosssectional capacity for service and strength (ultimate) load combinations. This
represents an attempt to introduce LRFD design equations for FRP-glulam panel.
4. The proposed design process is applicable for girder spacings up to 2440 mm (8ft). For this maximum girder spacing, and based on the experimental structural
characterization in Chapter 5, FRP-glulam panel deflections satisfy allowable
service limits. Therefore, there is no requirement to evaluate panel-to-panel joint
relative deflections.
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Notation
The following symbols are used in this chapter
Fb

=

bending strength of glulam

Fv

=

shear strength of glulam

E

=

elastic modulus of glulam

Ef

=

elastic modulus of FRP reinforcement

s

=

effective span

Ln

=

net span of bridge deck

h

=

total thickness of bridge deck

bp

=

the length of the side of tire contacting area which parallel to the
traffic direction

bd

=

width of effective strip

u1

=

ultimate strain in fiber direction

u2

=

ultimate strain in the direction transverse to fiber direction

LL

=

live load deflection

Subscripts
f

=

fiber

DL

=

dead load

LL

=

live load

STR

=

STRENGTH I

SER

=

SERVICE I
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Chapter 8
FRP-GLULAM BRIDGE DECK FABRICATION

Introduction
The specifications for glulam panels are presented in this chapter. The industrial
fabrication procedure of FRP-glulam bridge deck panels using hand lay-up with vacuum
bagging compaction is explained. The cost analysis of FRP-glulam bridge deck is
discussed.

Glulam Specifications
The CCA treated southern yellow pine glulam for Skidmore Bridge was ordered
from Unadilla Laminated Products. A minimum of Grade 2 or better lumber was required
for the glulam panel. The specifications are classified into material specifications and
specifications for preservative treatment. The specifications are given below.

Material Specifications
The materials required for glulam panels shall conform to the following
requirements:
1. Manufacturing, grading, and quality control of sawn lumber and structural glued
laminated timber shall be in accordance with AASHTO M168 wood products and
with the Southern Pine standards given by the Northeastern Lumber Manufacture
Association (NELMA) and the Southern Pine Inspection Bureau (SPIB).
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2. Material should be sound and free from any incipient or advanced form of decay.
Units of material, which are unsound, warped, bowed, twisted, improperly treated,
not adequately seasoned, or too small, shall not be used.
3. Adhesive for laminated timber gluing should be for wet-use, conforming to
ASTM D2559 (ASTM 2000). Glued laminated timber shall be manufactured from
species and grads of lumber, which will produce design values equal to or
exceeding the following values when loaded parallel to the wide face of the
laminations: bending (Fb) = 9.99 MPa (1,450 psi); shear parallel to grain (Fv) =
1.21 MPa (175 psi); MOE (E) = 9.23 GPa (1,340,000 psi); compression
perpendicular to grain (Fc) = 4.48 MPa (650 psi).

Specifications for Preservative Treatment
All decking material treated with preservative shall be treated using a full-cell
process using waterborne Chromated Copper Arsenate (CCA) conforming to AWPA
Standard P5 (AWPA 1999b) to a minimum net retention of 0.4 pcf (6.41 kg/m3) for
glulam in accordance with AWPA Standard C28 (AWPA 1999a). All members shall be
free of excess preservative at the conclusion of the treating process.

Glulam Fabrication
Structural glued laminated timber was fabricated in accordance with the current
American National Standards Institute Standard ANSI/AITC A190.1 and current
American Institute of Timber Construction Standard AITC 117. Treat all structural glued
laminated bridge members to minimum retention requirements.
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a. Average moisture content between 12-16% shall be maintained for lumber
received at the laminator’s shop/plant.
b. Surfacing tolerances shall conform to current ANSI/AITC A 190.1.
c. Glulam deck panels will be fabricated with an industrial appearance grade.
d. Lamination requirements: ANSI/AITC A 190.1.
e. Laminators must be APA or AITC certified.
All Southern Pine used in the glulam deck panels shall be glued after treatment.
All fabrication and machining which cuts through the treatment envelope shall be
performed prior to treatment. If fabrication and/or machining is required after treatment,
additional preservative treatment shall be applied in accordance with AWPA Standard
M4. Glulam panels should not be primed with water sealer. During industrial fabrication,
FRP delamination occurred on sealed glulam panels. After removing the water sealer
from the panel, no such delamination was observed after FRP application.

FRP-Glulam Fabrication
FRP reinforcement was applied on the glulam panels at Kenway Corp. using the
vacuum bagging method. The procedure and specifications of fabrication used at
KENWAY are given below.

Surface Preparation
The timber laminations were planed by glulam fabricator before pressure
treatment. Then the pre-treated wood laminations were adhesively bonded to form glulam
panel. After the glulam panels were shipped to Kenway, the moisture content of glulam
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was monitored. At the time of lamination, the moisture content ranged from 9% to 10%.
The glulam surfaces were cleaned with a brush before HMR priming. The premixed
HMR solution was applied on the clean glulam surface at a rate of 30 lb /1000 ft2 (30
lb/Mft2). The HMR solution mixing instruction was given in Chapter Four.
Pre-wetting the surface with resin was very important for FRP/glulam bonding. In
the bridge deck fabrication, a 0.27 lb/sq. in. application rate was used to prewet the
glulam surface.

FRP Lamination
After the surface was prewetted, one ply of CSM was placed on the panel and
impregnated with resin with a hand roller. Then the other three plys of unidirectional
fabric reinforcement were impregnated with an impregnator and applied to the panels.
After all fabric layers were laminated, a prefabricated pultruded drip edge was placed
transversely to the panel. Finally the vacuum bagging was performed. The configuration
of vacuum bagging used in FRP-glulam fabrication is shown in the following figure.
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Figure 8.1 Vacuum Bagging Configuration used in Industrial Fabrication

The bottom face was laminated first. After the resin was cured, the holes for deckto-girder connections were drilled through the FRP. The bolts were placed in the holes,
and then the FRP lamination was applied on the top face. When the temperature is 20°C,
the curing time of resin is around two hours. The typical temperature at Kenway was
around 70°F, so vacuum was kept for two hours. At KENWAY, eight surfaces were
reinforced at the same time.

Polymer Concrete Application
Split rings for guardrail connection, 100mm in diameter, were bonded on the top
face of the glulam panels before the polymer concrete was applied. The polymer concrete
was applied on the top face of the glulam panel following the broom-and-seed application
method. The procedures of FRP lamination, vacuum bagging and polymer concrete
application are shown in following figures.
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(a) Panel Layout in Plant

(b) Prewet Glulam Surface with Resin

(c) Apply CSM

(d) Impregnate CSM

(e) Laminate Unidirectional Fabric Using

(f) Apply Drip Edge

Impregnator
Figure 8.2 FRP Lamination Procedure
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(a) Vacuum Line around Panel

(b) Vacuum System

(c) Application of Peel Ply

(d) Application of Bleeder and Breather

(e) Vacuum Bagging

(f) Monitoring 12” Hg Vacuum

Figure 8.3 Vacuum Bagging Procedure
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(a) Applying Epoxy Adhesive

(b) Aggregate Seeding

(c) First Coat

(d) Brooming

(e) Applying Adhesive for Second Coat

(f) Finished Panel

Figure 8.4 Polymer Concrete Application
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Economical Feasibility of FRP-Glulam Bridge Deck
The cost analysis for FRP-glulam bridge deck was conducted and compared to the
cost of glulam panel. The results of cost analysis are shown in the following table. The
test panels were bid in November to December 2000, and bridge panels were bid in July
2001. The unit price of glulam panel has little difference, because the timber price varies
with the season.
Table 8.1 Cost Analysis of FRP-Glulam Panel
Item

Bridge Panel

Test Panel

Panel #

18

12

Panel Size

7200mm  1219mm

5486mm  1219mm

Glulam Panel Cost

$28.06 /sq. ft.

$25.41 /sq. ft.

FRP Reinforcement

$11.69 /sq. ft.

$13.03 /sq. ft.

P.C. Overlay

$21.00 /sq. ft.

$21.00 /sq. ft.

Joints & Others

$1.54 /sq. ft.

N/A

Total

$62.29 /sq. ft.

$59.43 /sq. ft.

The typical unit area cost of all-FRP-deck is approximately $75/sq. ft., which is
higher than the cost of FRP-glulam panel. From the structural test results, 35.7% increase
was observed in ultimate load of FRP-glulam panel comparing to the glulam panel. To
obtain the same ultimate load of FRP-glulam panel, the thickness of glulam panel should
be increased 16.5%, resulting in a panel thickness of 9.9 inch. Due to the availability of
glulam panel dimensions in the market, the thickness of panel required is 10.5 inches.
Then, the cost of glulam panel will increase from $25.41 /sq. ft. to $31.39 /sq. ft. The cost
of the wearing surface directly on glulam panels was obtained from Milbridge-Municipal
Pier project (Bragdon 2001). The cost of wearing surface is $11.10 / sq. ft. Then the total
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cost of the glulam deck to reach the same ultimate load of the FRP-glulam bridge deck is
around $42.5 /sq. ft. although the cost of FRP-glulam deck is 40% higher than the glulam
deck, the FRP-glulam deck still has some important advantages, such as a better capacity
to resist environmental attack, less weight than the glulam deck, and a long life term. It is
expected that fabrication costs will be reduced based on the experience gained with the
panels laminated in this study.

Conclusions
Industrial fabrication of FRP-glulam panels using vacuum bagging method
indicated that vacuum bagging was a practical, repeatable and cost-efficient method to
laminate the FRP composite skins on glulam panels.
The study presented in this chapter is novel since it is the first time that an
advanced engineered wood composites technology is transferred from the University
Laboratory to an industrial fabrication plant.
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Chapter 9
CONCLUSIONS AND FUTURE RESEARCH
RECOMMENDATIONS

Introduction
The Conclusions from Chapters 3 through 8 are summarized in this Chapter.
Besides, recommendations for future work are presented.

Conclusions from Preliminary Structural Characterization of Hybrid FRP-Eastern
Hemlock Glulam Panels – Chapter 3
The structural characterization of hybrid FRP-glulam panels for bridge deck
construction was presented using a combined analytical and experimental approach.
Based on the research findings presented in this chapter we arrived at the following
conclusions:
1. A two-span continuous bending test protocol is recommended to characterize the
stiffness and strength response of FRP-glulam panels under simulated traffic
loads.
2. The proposed beam linear model, based on laminate analysis and first order shear
deformation theory, proved to be a simple and realistic tool to compute panel
stiffness properties and to predict service load deflections.
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3. The proposed beam non-linear model, based on layered moment-curvature
analysis, proved to be a valuable tool to characterize the response of the panel
cross-section and to predict the ultimate load capacity.
4. Correlations with experimental results show that both beam models are required
to fully characterize the FRP-glulam panel response, since neither model by itself
can capture all the stiffness, ductility and strength features.
5. The methodology presented proved to be a practical approach to discriminate the
responses of hybrid FRP –glulam panels with different fiber orientation:
(0°/CSM) and (±45°/CSM).

Conclusions from Effect of CCA Preservative Treatment on Properties of FRP
Composites for Glulam Reinforcement – Chapter 4
Based on the research work presented in Chapter Four, the following conclusions
are drawn:
1. An effective bonding interface was achieved between E-glass / Vinyl ester
composite and CCA treated southern yellow pine glulam by priming the glulam
surface with HMR.
2. A significant statistical difference between the specimens with CSM layer and the
specimens without CSM layer. Adding a CSM layer can increase the mean shear
strength by 10.4%.
3. A significant statistical difference exists between the specimens with water seal
priming and the specimens without water seal priming. The mean shear strength
of samples with water seal increased 15.5%.
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4. Material characterization and statistical analysis indicated a significant statistical
difference exists on fiber direction tensile strength of the CCA pressure treated
specimen and the non-treated specimen. CCA pressure treatment reduced the
tensile strength in fiber direction of UNI by 22.1%, and did not reduce the elastic
moduli and other strength properties. CCA pressure treatment did not reduce the
modulus and the strength of CSM in fiber direction.

Conclusions from Structural Characterization – Chapter 5
Based on the research work presented in this chapter, the following conclusions
are drawn:
1. A two-span continuous bending test protocol is recommended to characterize the
stiffness and strength response of FRP-glulam panels under simulated traffic
loads.
2. A methodology was introduced to determine the effective strip width of FRPglulam panel. Experimental results indicate the effective strip width of FRPglulam is very similar to the strip width of glulam panel. Therefore the criteria
used in Timber Bridge Design Manual for glulam bridge deck can be used for
FRP-glulam bridge deck.
3. The integrity of proposed deck-to-deck joint system was proved by experimental
results.
4. The failure process of FRP-glulam deck is different with the failure process of
glulam deck. Because of the existence of FRP reinforcement, the premature
failure in transverse direction due to bending was avoided.
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5. FRP-glulam deck showed higher strength and more ductile behavior in
experiments. At the same time, FRP-glulam deck showed higher dimensional
stability than glulam panel.

Conclusions from Finite Element Analysis of Structural Panels – Chapter 6
Based on the FEA predictions provided in this chapter, modeling FRP-glulam
panels and glulam panels with linear layered shell elements resulted in more accurate
predictions of strains than deflections for the two-span continuous panel configuration.
Several factors can be attributed to the difference between numerical and experimental
results, (1) the support boundary conditions in the test were not ideal, which could
influence the results. (2) the elastic properties used in the model were obtained from
references, which may be different from the actual properties of the glulam panels tested.
When the FEA model was applied to predict strains in the simply supported panel
configuration, better correlations with the experimental results were obtained for the
glulam panels than for the FRP-glulam panels. On the other hand, when the FEA model
was applied to predict deflections in the simply supported panel configuration, good
correlations were observed for both the FRP-glulam and glulam panel.

Conclusions from FRP-Glulam Bridge Deck Design – Chapter 7
A practical design method based on existing specifications and guidelines was
developed and applied to design the Skidmore Bridge deck. The FRP-glulam bridge deck
design indicates that the live load deflection is the control condition. The conclusions of
the work presented in this chapter are:
192

1. FRP-glulam decks can be designed by modifying the design methodology for
glulam decks from the Timber Design Manual.
2. The design equations are based on the linear elastic response of glulam wood.
This is a conservative approach that neglects the additional non-linear bendingmoment capacity of FRP-glulam panels.
3. A step-by-step design procedure was proposed to verify FRP-glulam panel crosssectional capacity for service and strength (ultimate) load combinations. This
represents an attempt to introduce LRFD design equations for FRP-glulam panel.
4. The proposed design process is applicable for girder spacings up to 2440 mm (8ft). For this maximum girder spacing, and based on the experimental structural
characterization in Chapter 5, FRP-glulam panel deflections satisfy allowable
service limits. Therefore, there is no requirement to evaluate panel-to-panel joint
relative deflections.

Conclusions from FRP-Glulam Bridge Deck Fabrication – Chapter 8
Industrial fabrication of FRP-glulam panels using vacuum bagging method
indicated that vacuum bagging was a practical, repeatable and cost-efficient method to
laminate the FRP composite skins on glulam panels.
The study presented in this chapter is novel since it is the first time that an
advanced engineered wood composites technology is transferred from the University
Laboratory to an industrial fabrication plant.
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Future Research Recommendations
Based on this research study several future research directions are recommended
in this section.

Develop an Effective Deck-to-deck Interconnection System
Currently, the widely used deck-to-deck interconnection systems for glulam decks
are steel dowel bar and stiffener beam. Steel dowel bar is widely used in transverse
panels, and stiffener beam used more in longitudinal panels. The difficulty of fabrication
and installation limited the application of steel dowel bar system. At the same time, the
formulas used to design steel dowel in Ritter’s Timber Bridge Design manual are semiempirical equations. A more precise design method can be obtained by doing finite
element analysis. In the structural tests have been conducted, it was found that the critical
situation occurred when load applied at the edge of the panel, which is due to the
discontinuity of panels. If an effective deck-to-deck system can be developed, the
maximum strain and maximum deflection will reduce significantly.

Evaluate the Durability of FRP-glulam Panel
To evaluate the durability of FRP-glulam panel, a long-term durability test needs
to be run. Place panel in environment chamber and simulate the moisture, temperature
change, which panel will experience in real condition. Do structural test at different time
to obtain the panel’s structural response changing tendency in its life.
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Develop a Calibrated Design Method
In this research, a practical design method was given based on equivalent strip
width concept. The panel was designed as a simply supported beam, and a continuity
factor, 0.8, was considered when the number of deck span is more than two. The
equivalent strip width equals to the tire contact width plus the panel thickness. This
method is practical to use, but it leads to a conservative design. As found in the
experimental structural characterization, the effective width is influenced by several
factors, such as width-span ratio and the stiffness ratio in the longitudinal and transverse
directions among others. Finite element analysis of panels with different load and
boundary conditions can be used to conduct a parametric study on the effective width.
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